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Abstract
Molecular Dynamics Studies of Intrinsically Disordered Peptides and Proteins
Derya Meral
A tremendous amount of evidence has accumulated in regards to the importance of intrinsi-
cally disordered proteins (IDPs) in the functioning of the cell and their role in human disease.
However, understanding and modelling the physics of such proteins is one of the remaining
challenges for the biophysics field. IDPs can present in a variety of forms, including flexible and
extended structures, compact molten-globules, or mixtures of the two. Furthermore, many pro-
teins which have regions with well-defined native states can have segments which are unfolded
and disordered under physiological conditions. This thesis is an exploration of the physics of
such IDPs, and the computational methodologies available for their study.
The unfolded regions of intrinsically disordered proteins have long been described using the
random coil model, which has been shown to successfully predict global properties such as the
radius of gyration and intrinsic viscosities of IDPs and denatured proteins, alike. However, the
two main axioms of the random coil model in regards to protein dynamics, (i) the ability of
amino acid residues to sample the entire sterically allowed Ramachandran space, and (ii) the
isolated pair hypothesis, which states that the conformations of residues are unaffected by near-
est neighbour interactions, have been challenged through various lines of evidence. First, amino
acid residues each have unique restrictions to their Ramachandran space. Second, many residues
tend to have a strong bias for the pPII and β-strand conformations. Third, the conformations
of residues in protein sequences are strongly affected by nearest neighbour interactions. Part of
this thesis explores the underlying causes of the distinct Ramachandran spaces of amino acid
residues. In a recent experimental study of the thermodynamics of the pPII ↔ β equilibria of
amino acid residues in GxG host-guest peptide systems (G: glycine, x: guest residue), a nearly
exact enthalpy-entropy compensation at ∼300 K was revealed, suggesting a common mechanism
for the intrinsic conformational preferences of amino acid residues. Motivated by these results
and a number of studies linking water dynamics to the strong preference for the pPII conforma-
tion over the β-strand conformation, a rigorous molecular dynamics (MD) study with explicit
water molecules of 15 GxG peptides, along with trialanine and alanine dipeptide was performed.
Several hydration properties were quantified, including a novel description of water orientation
near protein surfaces, and correlated with experimental pPII propensities obtained from infrared
(IR), Raman, vibrational circular dichroism (VCD), and NMR spectroscopy studies. Results
revealed that the distributions of water orientations are more disordered in the β-strand confor-
mation than in the pPII conformation, in agreement with the entropic and enthalpic stabilization
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of the two conformations, respectively. Furthermore, the pPII to β hydration differences and the
solvent accessible surface areas of the Cβ group correlate with experimental pPII propensities.
These results suggest that the formation of a clathrate-like hydrogen bond network around side
chain groups of residues might be stabilizing the pPII conformation, and that the intrinsic pPII
propensity of amino acid residues represents their side chain’s ability to act as a template for
such a water structure.
The amyloid β-protein (Aβ) is a protein involved in Alzheimer’s disease (AD). It is known
for aggregating into toxic oligomers, which lead to cell death in the AD brain. There are two
predominant isoforms of Aβ, Aβ1−40 and Aβ1−42, of which the latter is more strongly linked to
AD, forms oligomers that are more toxic to cell cultures, and aggregates faster. Chapter 4 of this
thesis focuses on the N-terminally truncated amyloid β-protein (Aβ) isoforms, Aβ3−40, Aβ3−42,
Aβ11−40, and Aβ11−42, which have been shown to exist in comparable amounts to Aβ1−40
and Aβ1−42, in addition to having toxicity and aggregation qualities which can potentially
be exacerbating factors in AD. To study the folding and oligomerization of these peptides, a
discrete molecular dynamics (DMD) method combined with a four-bead protein model with
the DMD4B-HYDRA force field, was used to derive the oligomer size distributions, secondary,
tertiary, and quaternary structures, free energy landscapes, and assembly pathways. Results
corroborate a range of experimental findings which have shown that N-terminal truncations
increase the aggregation rates of Aβ, in addition to revealing similarities between the structures
of Aβ3−4X (X=0, 2) and Aβ1−42, suggesting a common mechanism of toxicity.
The DMD4B-HYDRA approach combines DMD with the four-bead protein model and im-
plicit solvent force field, in which amino-acid specific interactions have been implemented based
on the Kyte-Doolittle hydropathy scale. It has been successfully applied to the folding and
oligomerization of a variety of proteins such as Aβ, stefin B, and the non-glycosylated domains
of pig gastric mucin. In the project presented in Chapter 5, the DMD4B-HYDRA force field is
characterized in terms of its applicability as a sampling technique within a multi-scale approach
for structure determination. For this purpose, a simple 16-residue long polyalanine peptide
chain, in addition to five proteins with known native structures selected from the Protein Data
Bank, are simulated, and structurally analyzed. Results reveal that DMD4B-HYDRA can be
used as a good approximation of the molten-globule states of proteins and can in combination
with all-atom MD be employed as an effective method to study IDPs.

11. INTRODUCTION
This thesis is an exploration of the physics of natively unstructured proteins, and the computational
methodologies available for their study in the field of biophysics. This topic has been approached at
several scales, ranging from the residue level of protein structure to the oligomerization of amyloido-
genic proteins. In Chapter 3, an all-atom molecular dynamics (MD) study of the role of water in the
conformational preferences of amino acid residues in unfolded and intrinsically disordered proteins
is presented. Chapter 4 focuses on N-terminally truncated isoforms of amyloid β-protein, an IDP
involved in Alzheimer’s disease, and their early assembly events which have been studied using the
DMD4B-HYDRA method. Chapter 5 explores the potential of the DMD4B-HYDRA force field as a
sampling tool in a multi-scale molecular dynamics approach which combines the efficiency of discrete
molecular dynamics with the accuracy of fully atomistic techniques.
In this introduction, an outline of the fundamentals of protein physics is provided, which will
be followed by a short discussion of the motivations behind Chapters 3 and 4, starting with a short
summary of the leading perspectives on the mechanisms underlying the intrinsic conformational
preferences of amino acid residues, followed by a review of the research that constitutes the current
perspectives on the significance of amyloid β-protein in Alzheimer’s disease. In the Computational
Methods chapter, the background to the methodologies developed in Chapter 5 is discussed.
1..1 Protein Structure and Folding
1..1.1 Proteins
Proteins are macromolecules that perform a wide range of functions in living cells, such as enzyme
catalysis in metabolic reactions, the transportation of other biomolecules, DNA replication, and
stimulus-response activities in the form of receptors. These bio-functional nano-machines have co-
evolved with and are encoded by DNA, and in the presence of certain genetic mutations or under
the influence of abnormal environmental conditions, their structures can go through changes which
result in a variety of diseases. Both because of their irreplaceable role in the functioning of the cell,
and their entanglement with diseases, understanding their structures and function has become a
central focus of study within the scientific community.
Proteins are linear chains of amino acids, of which there are 20 naturally occurring forms. Each
amino acid is made up of an amine group (NH2), a carboxylic acid group (COOH), an α-carbon
group (Cα), and an amino acid-specific side chain group. Depending on the chemical properties
2Figure 1: A peptide bond is formed through a process of condensation between the amino and the
carboxyl groups of two amino acids.
of the side chain group, an amino acid can be hydrophobic, hydrophilic, acidic, or basic. When
the carboxylic acid of one amino acid residue interacts with the amine group of another through a
process of condensation (i.e. releasing a water molecule), a covalent bond is formed, referred to as
a peptide bond (Fig. 1).
The peptide bond is formed through the delocalization of the lone electron pair of the amine
group and the sp2 hybridization of the carboxyl carbon, resulting in a partial double bond, which
is a rigid structure without much rotational freedom. Hence the amino group and the carboxyl
group form a plane (Figure 2), which can be found either in the cis- or trans-conformation. The
cis-conformation refers to the state in which the Cα-N-C’-Cα angle is fixed at ω = 0
◦, whereas in
the trans-conformation the same angle is fixed at 180◦. Out of these two conformations, the trans-
conformation is the more stable one. Because of the rigidity of the peptide bond, the flexibility of
Figure 2: Once a peptide bond is formed, the carboxyl and the amino groups form a rigid plane.
The flexibility of protein chains depend on the bonds of the Cα atom [134].
3Figure 3: Secondary structures: (a) α-helix [34], (b) β-hairpin [3], (c) polyproline II helix [198].
the peptide chain depends entirely on the rotational degrees of freedom available to the backbone
around the Cα atom.
The dihedral angles, φ and ψ, represent these rotational degrees of freedom around the Cα atom
(Fig. 2). The φ angle stands for the torsional angle of the C’-N-Cα-C’ bonds, while the ψ angle
represents the conformation of the N-Cα-C’-N bonds. There are certain torsional restrictions on
these angles due to the rigidity of the bonds, steric effects, and the unique structures of the side
chain group of each amino acid residue, which prohibit certain conformations while allowing others.
When consecutive residues adopt the same conformations, the locally ordered structure that emerges
is referred to as the secondary structure of the peptide. The minimum number of consecutive residues
necessary to form a local secondary structure depends on the type of conformation, but can range
from two to five residues according to the Dictionary of Protein Secondary Structure (DSSP) [95].
1..1.2 Protein Structure and Ramachandran Plots
There are several secondary structure motifs that dominate the conformational space of folded
proteins. The right-handed α-helix conformation is a spiral-like structure, for which the canonical
(φ, ψ) values are (-60◦, -45◦). α-helices are stabilized by intra-peptide backbone hydrogen bonds
formed between the NH and CO groups of the ith and i+4 th residues in a protein sequence. This
conformation is sometimes referred to as the 3.613-helix, since it contains 3.6 residues per turn, and a
total of 13 atoms within the turn linked by the hydrogen bond (Fig. 3a). Another secondary structure
4that is frequently observed in folded proteins is the β-strand motif. β-strands are generally defined
as 3 to 10 consecutive residues which adopt an extended backbone conformation. Such structures
can come together to form β-sheets with parallel or anti-parallel protein strands, stabilized through
the formation of hydrogen bonds between pairs of NH and CO groups in adjacent strands (Fig. 3b).
The two possible orientations yield slightly different angular preferences with the parallel β-strand
conformations adopting (φ, ψ) = (-120◦, 115◦), and the anti-parallel conformations, (φ, ψ) = (-140◦,
135◦). The regions that bridge β-strands can be found in four conformations, referred to as β-turns
or bends. These structures involve four consecutive residues, and the torsional conformation of the
middle two residues defines the type of turn: type I, type II, type I’, or type II’. Such structures
are especially important in the formation of the β-hairpin structure (Figure 3b). There exist other
types of turns which are special to a subset of the naturally occurring amino acids whose side chains
are capable of hydrogen bond formation, i.e. Asx turns in the case of aspartate and asparagine,
and the ST turns of serine and threonine. Finally, the polyproline helix is the conformation that
is adopted by polypeptide chains of proline residues. Of the two polyproline helix subtypes, the
polyproline II (pPII) helix, which will be discussed at some length in this thesis, is a left-handed
helix that forms when consecutive proline residues adopt the dihedral angles of (φ, ψ) = (-75◦, 150◦)
and have peptide bonds that are in the trans-conformation (Fig. 3c). The other subtype is the
right-handed polyproline I helix (pPI) which forms when consecutive residues with peptide bonds
in the cis-conformation adopt the dihedral angles of (φ, ψ) = (-75◦, 160◦). Polyproline helices do
not involve any hydrogen bonds.
The most frequently used method for visualizing secondary structure preferences of amino acid
residues is the Ramachandran plot. Developed by G. N. Ramachandran, C. Ramakrishnan, and V.
Sasisekharan in 1963 [150], the Ramachandran plot is a two dimensional histogram of the φ and
ψ angles sampled by a given amino acid. The initial examples of Ramachandran plots were built
based on standard atomic radii and hard-sphere exclusion, resulting in theoretical distributions of
the sterically allowed regions of the (φ, ψ) phase space (Fig. 4). The general conclusion of this
study was that there is a strong preference for extended conformations, such as β-strands, which
occupy the upper left quadrant of the Ramachandran plot. The right-handed α-helical region was
also found to be a favourable region, resting in the lower left quadrant of Ramachandran plots, while
the left-handed helical structures could be seen in the upper right quadrant. Another important
result was the fact that the addition of a Cβ atom diminished the flexibility of residues resulting
in further restrictions of the allowed Ramachandran space. Ramachandran and colleagues reported
that the plots of all residues, excluding glycine and proline, were quite similar to that of alanine,
5which resulted in alanine’s conformational preferences being accepted as the reference for all other
amino acids for a long time.
Figure 4: A generalized Ramachandran plot. Taken
from reference [149] and modified.
The three dimensional structure that is
formed when the secondary structures of
a protein chain are packed together into
a globular structure is referred to as the
tertiary structure. When multiple protein
chains cluster together to form a larger
unit, the three dimensional structure of
such a protein complex is referred to as the
quaternary structure. These higher-order
protein structures form the focal point of
most protein structure studies, since three
dimensional structures of proteins are the
decisive factor in their biological function
or mis-function.
1..1.3 Protein Folding and Dynam-
ics
For the thermodynamically stable tertiary structure of a protein that is capable of performing
biological function, often the phrase “native state” is used. The folding of a protein chain into
this final stable conformation is a complex process of self-organization that involves a multitude of
forces and interactions. Around 1960, a groundbreaking discovery was made regarding the native
states of proteins which shaped our understanding of this process, linking the amino acid sequence of
proteins to the three dimensional structures of their native states. Anfinsen and colleagues showed
that the function and disulfide bonds of the bovine ribonuclease could be completely restored in the
appropriate ambient conditions after the structure had been fully denatured [68]. In other words,
a protein chain can spontaneously fold into its native state after being denatured if it is placed
back into its “native” solvent. This study established the well-known thermodynamic hypothesis,
also known as Anfinsen’s dogma, which states that at least in the case of small proteins the folded
structure is determined entirely by the sequence of residues, given there is (i) a unique free energy
minimum (ii) which is stable, and (iii) kinetically accessible.
Though Anfinsen’s dogma provides a reasonable explanation for the processes involved in protein
6folding, there remains the question of how it is possible for a protein to fold into its native state
which is only one conformation out of an astronomical number of possible conformation. In 1969,
Cyrus Levinthal performed a simple thought experiment with the intention of probing this question,
using a protein chain 300 residues long as an example:
“...consider the various parameters involved. How accurately must we know the bond
angles to be able to estimate these energies? Even if we knew these angles to better
than a tenth of a radian, there would be 10300 possible configurations in our theoretical
protein. In nature, proteins apparently do not sample all of these possible configurations
since they fold in a few seconds, and even postulating a minimum time for going from
one conformation to another, the proteins would have time to try on the order of 108
different conformations at most before reaching their final state.”[114]
It is not possible for a protein to randomly sample all these possible conformations and find
the lowest free energy state within the folding times observed in experiments, implying that there
must be factors which guide protein folding. Hence, Levinthal introduced the concept of “the
folding pathway” stating that “protein folding is speeded and guided by the rapid formation of local
interactions which then determine the further folding of the peptide. This suggests local amino acid
sequences which form stable interactions and serve as nucleation points in the folding process [114].”
Although Anfinsen’s thermodynamic hypothesis and Levinthal’s thought experiment provide in-
sight into the fundamentals of the protein folding process, they are not complete. For instance,
Levinthal assumed that all available conformational states between the unfolded and folded states
were equally likely. However, lower free energy states have to be more likely than the higher free
energy states. Furthermore, a modern theory of protein folding has to be able to account for the
existence of multiple parallel folding pathways to the native state.[76] The resolution of these short-
comings came through taking a statistical approach to the protein folding process. By describing
the conformational space of proteins as a statistical free energy landscape, Wolynes, Onuchic and
co-workers were able to capture the complexity of the folding process, accounting for both native
and metastable states.[28, 29, 138] In this view, the free energy potential is described as a function
of protein conformation, resulting in a multidimensional free energy landscape. This landscape can
include local minima which correspond to metastable states, and a global minimum which would
represent the native state of a protein. A “smooth” free energy landscape with few minima would
be like a valley near which a protein would be “funnelled” to the lowest free energy state available.
On the other hand, if the energy function includes many competing interactions, the resultant free
7Figure 5: (a) The ‘golf course’-like free energy landscape of Levinthal’s thought experiment. (b)
The pathway solution to Levinthal’s paradox. (c) An idealized free energy funnel in which a protein,
despite its initial conformation, will move towards lower free energy conformations, finally reaching
the native state. (d) A “rough” free energy landscape with many metastable states and several
possible pathways to the native state. Image taken from reference [42] and modified.
energy landscape would be “rough” with many low free energy minima and high potential barriers
between the minima.
Several example landscapes can be seen in Figure 5. In these free energy landscapes, the depth
of the funnel represents the free energy difference between the unfolded and native state, while the
width of the funnel represents the conformational entropy of the system. As the protein moves from
the unfolded states represented by the flat outer regions of the free energy landscape towards the
native state at the bottom of the funnel, there is a loss of conformational entropy simultaneous to the
increase in enthalpic gains in the folded structure. The particular pathway followed by the protein
given an initial unfolded conformation is selected through the principle of minimal furstration, as
introduced by Bryngelson and Wolynes [28, 42], instead of a random search through all possible
conformational states.
In addition to the unfolded and native states of proteins, there exists a third intermediary state
referred to as the molten globule (MG) [146, 145]. This state can be thought of as existing between
the outer layers of the free energy funnel and the global minimum. The MG includes some of the
dominant structural features of the native state, while lacking the native specificity of the side chain
contacts. It is slightly less compact than the native structure, but its core is nearly as compact as
the native structure [53]. The MG presents an important step in modelling protein folding processes,
and this topic will be investigated further in Chapter 5 of this thesis.
1..1.4 Molecular Interactions
For an accurate description of protein folding, it is necessary to remember that this process takes
place within a solvent. Although protein folding can take place in environments such as the lipid
8bilayer, water is the most universal solvent in the context of biology and it has some interesting
and unique properties. For example, among the substances with similar molecular weights, water
has uniquely high boiling and freezing temperatures. While O2 boils at 90 K and freezes at 54 K,
water boils at 373 K and freezes at 273 K. This peculiar property of water is a result of a specific
kind of molecular interaction that is crucial in protein folding dynamics: the hydrogen bond [53].
This type of bond cannot be described solely through Coulombic interactions. Due to its observed
directionality, and because of the interesting fact that the distances between the particles involved in
the bond tend to be smaller than the sum of their van der Waals radii, quantum mechanical effects
need to be considered as an important factor in the formation of hydrogen bonds. A hydrogen
bond is said to form between two groups, a proton donor D, generally an FH, OH, NH, or SH pair,
and a proton acceptor A, which is a highly electronegative atom, such as F, O, or N, that contains
electron pairs which are not involved in covalent bonds. Each donor-acceptor pair has its own unique
structure. The FH-F pair has a distance of 2.25 A˚ between the donor and the acceptor, while for
the OH-O pair there is a distance of 2.75 A˚, and for the NH-O pair, 2.9-3.0 A˚ [39]. There is also
some variability in the directionality of hydrogen bonds due to the differences in the structure of the
valence shell of the acceptor groups. In general, the angle between the line which defines the D–H
covalent bond, and the hydrogen bond cannot be larger than 20◦ for the formation of a hydrogen
bond. In the case of water, once formed, this bond has a potential energy of about 5 kcal/mol
[53]. As mentioned in earlier sections, the hydrogen bond plays a crucial role in the stabilization of
α-helical, β-sheet, and β-turn structures.
The interactions between proteins and water collectively produce certain large scale emergent
behaviours that guide protein folding, the main example of which is the process of hydrophobic
collapse. The hydrophobic effect can be described as a repulsive force between water and non-polar
molecules, though its mechanism does not involve any repulsive forces. Instead it is an indirect
entropic effect created by the lack of hydrogen bond formation between water and the non-polar
regions of proteins. On their own, water molecules exist as a dynamic network of hydrogen bonds.
When a non-polar molecule is introduced to water, it disrupts a local hydrogen bond network since
non-polar molecules cannot form hydrogen bonds with water. To avoid the loss of hydrogen bonds,
water molecules reorient themselves near the non-polar surface such that water-water hydrogen
bonds can be formed resulting in a cage-like structure around the non-polar molecule. This restricts
the rotational and translational freedom of water molecules, resulting in a decrease in entropy, which
amounts to a loss of ∼0.2 kcal/mol in the free energy. Nonetheless, this is still much smaller than
the free-energy penalty of losing a hydrogen bond. In this way the clustering of hydrophobic amino
9acids allows for the least amount of disruption, and maximizes the entropy of the system as a whole
[53, 179, 187]. Hence, collectively, the hydrophobic effect emerges as an attractive force between
hydrophobic molecules, resulting in hydrophobic amino acids of protein sequences generally being
found on the inner, water-shielded regions of the folded protein structure.
Table 1: The Kyte-Doolittle (KD) hydrophobicity scale and the normalized values implemented in
DMD4B-HYDRA, presented with the 3- and 1-letter amino acid abbreviations. The zero values seen
in the last column represent values that are between the threshold values of 0.7 (hydrophobic) and
-2.4 (hydrophilic) on the KD scale.
Amino Acid 3-letter Code 1-letter code K.D. Scale Normalized Scale
Isoleucine ILE I 4.5 -1.0
Valine VAL V 4.2 -0.93
Leucine LEU L 3.8 -0.84
Phenylalanine PHE F 2.8 -0.62
Cysteine CYS C 2.5 -0.56
Methionine MET M 1.9 -0.42
Alanine ALA A 1.8 -0.40
Glycine GLY G -0.4 0
Threonine THR T -0.7 0
Serine SER S -0.8 0
Tryptophan TRP W -0.9 0
Tyrosine TYR Y -1.3 0
Proline PRO P -1.6 0
Histidine HIS H -3.2 0.71
Glutamine GLN Q -3.2 0.71
Asparagine ASN N -3.5 0.78
Glutamic acid GLU E -3.5 0.78
Aspartic acid ASP D -3.5 0.78
Lysine LYS K -3.9 0.87
Arginine ARG R -4.5 1
Depending on the particular side chain of an amino acid, the amino acid can be classified as hy-
drophobic (non-polar), hydrophilic (polar), basic (positively charged), or acidic (negatively charged).
It is possible to measure the strength of the hydrophobic effect in each residue, and several such
hydrophobicity scales have been published using a variety of methods. The two main methods used
involve either a statistical analysis of the solvent exposure of amino acids in known protein struc-
tures [85, 153], or an analysis of the physiochemical properties of amino acid side chains [105, 216].
For the former group, there is a particular bias in the case of cysteine residues which are generally
found in disulfide bonds, hence tend to appear extremely hydrophobic within this approach. The
Kyte-Doolittle hydrophobicity scale, which is of the latter group, is of particular interest for the
purposes of this thesis [105], since it provides a means of quantifying the hydrophobic effect within
the DMD4B-HYDRA force field. In Table 1..1.4, the 3- and 1-letter abbreviations of the amino acid
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Figure 6: (a) Lennard Jones, and (b) hard-sphere potentials.
names used throughout this text can be seen, alongside the assigned values of amino acid hydropho-
bicity and their corresponding normalized values which will be further expanded upon later in the
Computational Methods section.
For the purposes of computational studies, it is necessary to account for electrostatic forces: ion-
ion, ion-dipole, and dipole-dipole potentials have to be included in molecular dynamics simulations.
Since these interactions take place within a liquid medium, the screening of electrostatic interactions
must also be implemented [39]. Additionally, in the case of electrostatically neutral molecules,
interactions due to induced dipoles become significant. Induced dipole interactions are attractive
interactions for which the potential energy varies with r−6 where r is the distance between the
particles in question. However, there is a repulsive force, which arises from the interactions between
the negatively charged electron clouds, that opposes the attractive nature of the induced dipole
interactions. The collective effects of these interactions are referred to as van der Waals forces,
which are most commonly approximated with the Lennard-Jones potential (Fig. 6a):
VLJ = 4
[(σ
r
)12
−
(σ
r
)6]
where  is the depth of the potential well, σ is the distance at which the potential is zero, and r is
the distance between particles[39]. Sometimes an even simpler approximation is used, referred to as
“hard-sphere” potentials (Fig. 6b):
V =

0 if r > r0
∞ if r < r0
Both these potentials are frequently used in molecular dynamics simulations depending on the size
of the system being studied and the question that is being explored [39].
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1..2 The Unfolded State
So far, only the classical perspectives of protein folding, such as the native folded states of proteins,
have been discussed. However, prior to the formation of such highly ordered states, there exists
another state, which has been gathering more and more attention in the field of biochemistry. The
unfolded state of proteins, which is of interest, first of all, as the initial state of the protein system
prior to folding, has previously been dismissed as a potential avenue of investigation due to its
inaccessibility through experimental techniques (i.e. denatured proteins cannot be crystallized), and
the general acceptance of the notion that unfolded proteins can simply be described as “random
coil” polymers [150]. Nevertheless, a variety of studies have emerged to show that not only is the
description of the unfolded state as a random coil polymer insufficient, but that this type of structure
plays an extremely important role in the biology of the cell, contrary to the classical view of protein
function which posits that for a protein to perform a function, it must fold into a native structure
which provides a well-defined active site for a substrate to occupy, and thus activate the protein,
the so called “lock-and-key” model proposed by Emil Fischer in 1894 [48]. In this section, a brief
overview of these studies is provided to illustrate the motivations behind the research discussed in
Chapter 3 regarding the role of water in the conformational preferences of the unfolded state.
1..2.1 Intrinsically Disordered Proteins
Intrinsically disordered proteins (IDPs), also referred to as natively unfolded proteins, are an im-
portant class of proteins, and can be separated into two categories [205]. One category comprises
compact structures which contain well-defined secondary structures, but lack unique native states,
instead existing mostly as molten globules. The second category includes proteins or protein seg-
ments whose structures are flexible and extended under physiological conditions. Recent studies
have shown that over 30% of eukaryotic proteins contain disordered regions which are 50 or more
residues long. In addition, IDPs have also been shown to be essential components of the human
biology, partaking in cellular signaling and regulatory functions, and hence their discovery has put
in dispute the simple model of the “lock and key mechanism” of protein activity [48]. Finally, sev-
eral neurodegenerative and metabolic disorders have been linked to the deposition of IDPs, such
as Alzheimer’s, Parkinson’s, and Huntington’s disease, prion diseases, Down’s syndrome, cardiovas-
cular disease, diabetes, etc.. [48, 206, 205] Unfortunately, despite their relevance, the underlying
mechanics of the structural properties of IDPs are still not well understood.
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1..2.2 The Random Coil Model and the Isolated Pair Hypothesis
In polymer theory, the random coil model describes the behaviour of a polymer that is freely jointed,
and for which each monomeric unit freely samples the three dimensional space around it, resulting in
a Gaussian distribution of the end-to-end distances of the polymer. Within this model, it is assumed
that the polymer is well-solvated, and there are no significant intra-polymer interactions that guide
the movement of the structure [55, 27].
As applied to protein conformations, the random coil model assumes that the conformation of
any given amino acid is unaffected by the conformations of its neighbouring residues. This idea,
initially proposed by Paul Flory in the late 1960s, is referred to as the isolated pair hypothesis [55].
Based on his experiments of denatured polyalanine chains, Flory suggested that the unfolded states
of proteins can be described by the random coil model [33]. This hypothesis was further corroborated
by the work of Tanford and colleagues, whose experiments of denatured proteins yielded the radius
of gyration and intrinsic viscosity values as predicted by the random coil model [186]. For example,
in accordance with the random coil model, it was shown that the intrinsic viscosity of denatured
proteins, which is a measure of the protein’s contribution to the viscosity of the solvent, follows the
form η α na, where n is the number of residues in the protein chain, and a is about 0.68. This value
turns out to be in the range predicted by Flory for the random coil model [55]. Hence, for a long
time it was assumed that the random coil model was sufficient in describing the unfolded states of
proteins.
In 1968, Tiffany and Krimm performed ultraviolet circular dichroism (UVCD) studies of poly-L-
lysine and poly-L-glutamic acid, and proposed that the spectra observed for these two polypeptide
chains were identical to that of trans-L-polyproline [190]. This latter polypeptide chain is known
to exhibit a well-defined backbone structure, the polyproline II (pPII) helix, in which the dihedral
angles adopt the values (φ,ψ) = (-75◦, 150◦). Polypeptide chains with charged side chains were
previously assumed to adopt true random coil structures due to the strong electrostatic repulsion
of the side chains, and Tiffany and Krimm’s results contradicted this, since they showed that such
proteins have a strong bias for a very specific region of the Ramachandran space. While there
was an initial period of skepticism regarding the conclusions of their experiments, with the further
corroboration of Tiffany and Krimm’s results, the significance of the pPII conformation within the
unfolded state was established, and the debate regarding the correctness of the random coil model
in regards to protein structures was rekindled [47].
In recent years, along with the developments in experimental methods for studying the unfolded
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states of proteins, several lines of evidence have emerged contradicting the random coil model at the
local level. To begin with, significant amounts of residual structure, which cannot be accounted for
by the random coil model, have been detected in IDPs and denatured proteins through the analysis
of chemical shifts and dipolar couplings in a variety of NMR studies [49, 50, 17, 16, 18, 183, 88]. Also,
it has been shown that the conformational sampling of amino acids are much more restricted and
residue-specific than initially suggested by the works of Ramachandran, Tanford and Flory [186, 150].
Instead of the broad distributions over the φ and ψ space suggested by the random coil model, the
Ramachandran plots of amino acid conformations are dominated by a set of extended conformations,
namely polyproline II (pPII) and β-strand structures, for most residues [174, 165, 64, 194]. Finally,
contrary to the isolated pair hypothesis [55], conformational propensities of residues have been
shown to be significantly affected by nearest neighbour interactions both in statistical analyses of
coil libraries [89] and through spectroscopic studies of tri- and tetrapeptides in water [192, 70]. These
studies suggest the existence of a different mechanism that determines the individual conformational
preferences of amino acid residues and form the main motivation behind the work presented in
Chapter 3. However, before delving deeper into what this mechanism is, the level of variation that
exists among the conformational preferences of amino acid residues, and how these variations diverge
from the random coil model have to be discussed.
1..2.3 Conformational Preferences of Amino Acid Residues
Figure 7: The pPII propensities obtained from
3J(HNHα) values using a two-state model (pPII
↔ β) of AcGGxGGNH2 peptides by Shi et al.
[175].
While there is some debate regarding which
model systems are the best for determining the
intrinsic conformational propensities of amino
acid residues, blocked dipeptides, tri- and
tetrapeptides have become some of the most
commonly studied examples [71, 64, 143, 217,
70, 77], since such short peptides eliminate the
complications of long-range interactions. The
most widely studied residue among the natu-
rally occuring amino acids is alanine. Alanine
is known for its uniquely high pPII propensity.
In a recent study by Graf et al., two dimen-
sional NMR spectroscopy was employed to mea-
sure J-coupling constants of polyalanine chains
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of lengths 3-7. The data obtained from the NMR experiments was later used as constraints in
molecular dynamics simulations, which revealed that only pPII propensities higher than 80% could
account for the experimental observables. In the case of trialanine (AAA), this propensity was 90%
[63]. Later, Schweitzer-Stenner reproduced the J-coupling constants of AAA reported by Graf et
al. using a model which describes conformational ensembles as superpositions of two dimensional
Gaussian functions [164]. Using a similar method, Hagarman et al. studied the GAG system and
obtained pPII propensities of 79%, which is somewhat lower than that of AAA, suggesting that
neighbouring residues influence the conformational preferences of the central amino acid in such
systems.
Figure 8: The pPII and β propensities obtained
from J-coupling constants and amide I’ band pro-
files of IR, Raman and VCD spectra of GxG
peptides by Hagarman et al. and organized by
Schweitzer-Stenner [165, 70, 69].
Unlike alanine, studies pertaining to the
intrinsic conformational propensities of non-
alanine residues have emerged more recently.
In a comprehensive report by Shi et al. the
host-guest system of AcGGxGGNH2, where Ac
stands for an acetyl group (COCH3) and x
stands for the guest residue, was studied for
all naturally occuring amino acids excluding
glycine and proline. Through an analysis of
3J(HNHα) values using a two-state model, in
which the conformational space of residues is
described as an equilibrium between the pPII
and β-strand conformations, all residues, with
the exception of histidine, were characterized
by pPII propensities higher than 50% as shown
in Fig. 7 [175]. In this study, side chains
such as valine and tryptophan yielded large pPII
propensities, which later spectroscopic studies
performed by Hagarman et al. have challenged.
Hagarman and colleagues performed an
analysis of amide I’ profiles, which are the amide
I profiles as measured in D2O, obtained from
IR, Raman and VCD spectra for a large group
of GxG peptides using a similar method to that
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employed by Graf et al. when studying small polyalanine peptides as mentioned above [70, 69, 63].
In this study, most residues yielded somewhat lower pPII propensities compared to the work of Shi
and co-workers. The pPII and β propensities obtained by Hagarman et al. can be seen in Fig. 8.
In a recent review, Schweitzer-Stenner categorized the results of Hagarman et al. into four major
groups according to their relative conformational propensities. The first one includes only alanine
due to its high pPII propensity. The second group consists of M, L, K, E, C, which presented pPII
propensities between 50 to 75%. The third group contains V and F with low pPII propensities
and a considerable preference for β structures. S, C, T, N, and D which have exceptionally high
turn propensities formed the fourth group [165]. This variance observed in conformational prefer-
ences of individual amino acid residues cannot be accounted for by the random coil model. If the
backbone dihedral angles of residues were, as the random coil model assumes, free to sample the
entire sterically allowed Ramachandran space, then one would expect all residues to have equivalent
conformational propensities. Since this is not the case, there must be a mechanism underlying the
particular conformational distributions of each residue.
1..2.4 The Mechanism of Conformational Preferences of Residues
The variation in conformational propensities among residues and the strong preference for the pPII
conformation observed presents us with the challenge of understanding how such deviations from the
random coil model arise. While water has been shown to play a central role in the stabilization of
the pPII state in a wide range of studies [71, 61, 57, 4, 45, 126, 107], the exact mechanism of water-
peptide dynamics remains unclear. Several hypotheses, some of which will be discussed in more
detail in this section, exist, such as water-mediated hydrogen bonding between adjacent functional
peptide groups [71], optimal water packing in the hydration shell of short polyalanine peptides in
the pPII conformation [61, 57], screening of electrostatic interactions [4, 45], the conformational
dependence of side chain hydration [54], and the solvation free energy as a driving force for the
preference for pPII over β conformations [126, 107].
In an early density functional theory (DFT) study, Han et al. showed that a conformation with
(φ,ψ) = (-93◦ , 128◦ ) provides the best fit to the spectroscopic data available by simulating the
Raman and VCD spectra of alanine dipeptide (AdP) with 4 explicit water molecules in combination
with a solvent continuum model [71]. In the pPII state the amide and carbonyl groups of the alanine
residue were shown to be linked through water hydrogen bond bridges (Fig. 9) [71]. This result was
also supported by liquid crystal NMR studies of alanine dipeptide, in which pPII emerged as the
only conformer that fit the data at hand with the same hydrogen bond bridge structures [143].
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Figure 9: The pPII conformation of alanine
dipeptide in the presence of 4 explicit wa-
ter molecules. This image was taken from
the DFT-theory analysis study performed by
Han et al. [71].
Later studies have challenged these results. In or-
der to test the hypothesis of single and double water
hydrogen bond bridges as a stabilizing effect on the
pPII conformation, Law and Daggett performed an
extensive statistical analysis of 2351 high-resolution
protein crystal structures, and MD simulations of
both native and denatured states of 188 different pro-
teins from their Dynameomics database. Out of the
four backbone conformations, right-handed and left-
handed α-helices, β-strands, and pPII, the pPII con-
formation yielded the lowest water bridge frequen-
cies and there was no correlation between residues
with high pPII propensities and their respective wa-
ter bridge frequencies [108]. Mezei et al. performed
Monte Carlo simulations of a blocked polyalanine
chain of length 12 in the four conformations, α-helix,
antiparallel β-strand, parallel β-strand and pPII, us-
ing the CHARMM 22 force field with the TIP3P water model. Defining a water bridge as a water
molecule doubly hydrogen-bonded to the peptide, Mezei et al. showed that water molecules can
form bridges in β-strand, but not in pPII conformations. Furthermore, their results suggest that the
solvation free energy is the driving force behind the high pPII propensity of alanine chains instead
of single hydrogen bond bridges [126].
An alternative view was supplied by Drozdov et al. who studied the hydration shell of alanine
dipeptide using fully atomistic molecular dynamics and Monte Carlo simulations [45]. In this study,
the pPII state was not the global minimum in regards to solvation potential energies and the more
compact conformers such as αR and αL were the most solvated. They conclude that the stability
of the pPII state is not a direct result of peptide-solvent interactions, but instead arises out of
the minimization of steric conflicts within the peptide as a result of the shielding of electrostatic
interactions by water, supporting earlier theoretical studies of polyalanine chains by Pappu et al.
[141, 140].
In a replica exchange molecular dynamics simulation study of short polyalanine chains, Garcia
proposed an alternative explanation after observing that a water channel can form around segments
of pPII helices of length 4. At low temperatures (278 K-300 K) water molecules are delocalized in
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this channel while the waters around the amide group are strongly bound and hence form a high
density region. This led Garcia to propose that an optimal water packing mechanism might be the
stabilizing factor in pPII conformations [61, 57].
In regards to the conformational preferences of amino acid residues, there is a recent study
which is particularly relevant to the work described in Chapter 3. Toal et al. recently investigated
the enthalpy and entropy contributions to the Gibbs free energy associated with conformational
preferences of fifteen amino acids as the guest residue x in GxG systems. In their thermodynamic
analysis of the pPII↔ β equilibria, Toal et al. found a nearly exact and statistically significant linear
correlation to the ∆H and ∆S values, revealing that at the compensation temperature Tc ≈ 295K,
∆G ≈ 0, since ∆G = ∆H − T∆S. This effect, referred to as enthalpy-entropy compensation, hints
at the possibility that at least a large subset of the amino acids in the study must have similar Gibbs
energy differences between the pPII and β conformations. Indeed, two close sets of iso-equilibrium
points were discovered, one for the group (L, V, I, S, K, Y, W, F) at 302 K, and another for (E,
R, M, N) at 312 K. The existence of a near exact enthalpy-entropy compensation, in addition to
the iso-equilibrium points discovered, suggests a similar mechanism for the pPII ↔ β transitions
of the different guest residues studied [195]. Chapter 3 of this thesis is dedicated to exploring this
mechanism through investigating the connection between the structural characteristics of the water
hydration shell of amino acid residues and their corresponding conformational propensities.
1..3 Protein Misfolding and Aberrant Aggregation in Human Disease
The human lifespan has been extended by about 10 years in the West since the 1960s according
to the World Bank [1]. However, with the lengthening of our lifespan comes the problems of late-
onset diseases, many of which are related to protein misfolding and aberrant aggregation. Protein
misfolding occurs when a protein, which normally has a functional native state, follows a folding
pathway that differs from its natural folding pathway. This can cause significant changes in the
final folded form of the protein, which might result in the hydrophobic core of the protein being
exposed and leading to aggregation which can become disruptive for cell functioning. There are
other mechanisms which lead to aberrant aggregation, such as in the case of amyloid β-protein,
which don’t necessitate protein misfolding per se, but are caused by the deterioration of other
systems responsible for the synthesis or removal of such proteins [152].
Protein misfolding and aberrant aggregation diseases are varied and many. They can be neurode-
generative diseases, such as Alzheimer’s, Parkinson’s or Huntington’s disease, or diseases pertaining
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to other bodily tissues, such as type 2 diabetes, familial cataracts, short-chain amyloidosis, etc.
Causes for the onset of these diseases, which can be sporadic or genetic, are not well understood.
Several environmental factors have been linked with the onset of such diseases, such as exposure
to substances that interfere with mitochondrial function in cells and increase the oxidative damage
to proteins [132]. However, the risk for a disease of this kind increases with age. As we age, the
balance of the synthesis, folding, and removal of dysfunctional proteins is perturbed through a build
up of minor changes in our metabolism. Such imbalances can be introduced through mutations, or
the inhibition of natural processes such as autophagy (i.e. the degradation of dysfunctional cells by
lysosomes). A certain type of protein might be overproduced, or not removed fast enough. Another
possibility is that a misfolded protein might be capable of catalysing the misfolding of other similar
proteins, spreading the toxic conformation throughout a cell, as in prion proteins [152].
Understanding the folding and aggregation mechanisms of such proteins becomes crucial for
developing potential therapeutic agents to prevent, manage, or cure protein misfolding and aberrant
aggregation diseases. The relationship between structure and function, or in this case, structure
and toxicity, can provide insight into how the adverse effects of these diseases can be reversed or
alleviated. Chapter 4 of this thesis will focus on a group of proteins implicated in Alzheimer’s
disease.
1..3.1 Alzheimer’s Disease and Amyloid β-Protein
Alzheimer’s disease is a neurodegenerative disease which is associated with the accumulation of
amyloid deposits, neurofibrillary tangles and progressive neuronal loss in the brain. It was first
described by Alois Alzheimer in 1906 after the death of Auguste Deter [2]. Auguste Deter was
an elderly woman who suffered from dementia and short-term memory loss, initially without any
complications regarding her motor functions. Upon her death, Dr. Alzheimer was able to have her
patient records and brain brought to Munich. Using staining techniques, the existence of amyloid
plaques and neurofibrillary tangles was observed for the first time.
The major constituents of amyloid plaques and neurofibrillary tangles were discovered much later:
in 1984, Glenner and Wong showed that the amyloid β-protein could be purified from the β-pleated
sheet fibrils obtained from the Alzheimer’s brain [60]. In a study that followed, it was also shown
that amyloid β-protein was also present in the amyloidogenic aggregates associated with Down’s
syndrome, which suggested the possibility of a genetic cause localized on chromosome 21 [59]. In the
later part of 1980s, tau-protein was shown to be a significant component of the neurofibrillary tangles
associated with the disease [214]. Despite these findings, there was no comprehensive hypothesis
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as to how the discovered proteins acted within the mechanism of the disease. In 1992, Hardy
and Higgins proposed the first such hypothesis, the Amyloid Cascade Hypothesis (ACH). They
suggested that the insoluble amyloid β-protein fibrils form senile plaques which disturb the calcium
homeostasis of neurons, and in turn cause the phosphorylation of tau-protein. Hyper-phosphorylated
tau aggregates into neurofibrillary tangles leading to cell death [74]. Since the introduction of ACH,
an important modification has been made to the hypothesis, which is that the Alzheimer’s cascade
is in fact initiated by the toxicity of the low-molecular-weight assemblies of amyloid β-protein, called
oligomers, instead of the fibrils [73, 72, 154, 99, 100, 101, 58, 38].
The amyloid β-protein is produced through the cleavage of the amyloid precursor protein (APP),
a membrane protein, by β- and γ-secretases [168, 169]. There are a variety of Aβ alloforms between
36 and 43 amino acid residues long depending on at which positions the APP has been cleaved.
Aβ1−40 and Aβ1−42 are the predominant forms observed in the Alzheimer’s brain, also referred to
as the wilde type (WT) forms since they are a natural component of the human brain. The amino
acid sequence of Aβ1−42 is as follows:
DAEFR5HDSGY10EVHHQ15KLVFF20AEDVG25SNKGA30IIGLM35VGGVV40IA
The residues which are hydrophobic according to the Kyte-Doolittle hydrophobicity scale have
been marked green [105]. Aβ1−40 and Aβ1−42 differ by the presence of two additional residues.
Ile41-Ala42, at the C-terminus of Aβ1−42. Aβ1−42 has been shown to aggregate faster than Aβ1−40
in vitro [87, 86], and is genetically more strongly linked with Alzheimer’s disease than Aβ1−40 [161].
Oligomers of Aβ1−42 have also been shown to be more toxic than Aβ1−40 oligomers in cell cultures
and animal models [38, 101, 83]. Although these two alloforms are the most commonly studied Aβ
alloforms, they are not the only types that are relevant to the disease.
In addition to the two predominant forms of Aβ, there is a group of N-terminally truncated
amyloid β-proteins that have been shown to play a significant role in Alzheimer’s disease, specifically
Aβ11(pE)−40/42, Aβ11−40/42, and Aβ3(pE)−40/42, where pE stands for the pyroglutamated form of
E. Aβ11−40/42 and Aβ3−40/42, which both have glutamic acid residues at the N-terminus of their
sequence, can go through a process of cyclization in this region initiated by glutaminyl cyclases
yielding the pyroglutamated form of E (pE) [129, 159, 156, 188, 75]. These alloforms present the
focus of Chapter 4 in this thesis. Aβ11(pE)−40/42, Aβ11−40/42, and Aβ3(pE)−40/42 have been shown
to increase in abundance, from 20% to ∼60% throughout the progression of the disease, an effect
which is not observed in the cognitively normal ageing brain [170, 66]. The abundances of these
peptides are on the same order as the WTs of Aβ. For example, Aβ11−40/42 and Aβ11(pE)−40/42 form
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20% of the total Aβ population in the brain [133]. Aβ11−42, Aβ11(pE)−42, and Aβ1−42 account for
∼10%, ∼15%, and ∼20% of the total AβX−42 population, respectively [120]. Here, it is important
to point out that the pyroglutamated and non-modified Aβ11−42 forms exist in similar amounts.
On the other hand, Aβ3(pE)−42/43 accounts for ∼25% of the total AβX−42/43 load [75], while the
non-modified Aβ3−40/42 peptides have been reported to exist in negligible amounts only [160]. This
suggests that most of the Aβ3−4X peptides are pyroglutamated upon cleavage, while only ∼50% of
Aβ11−40/42 peptides are pyroglutamated. Furthermore, Aβ3(pE)−42 was shown to be the dominant
pyroglutamated Aβ isoform [75, 160, 156], and Aβ3−4X peptides exist in amounts equal to or even
larger than the amount of Aβ1−4X that have been reported in vivo [159]. In addition to their
dominant presence in the progression of the disease, there have also been studies which have shown
increased oligomerization and aggregation rates for N-terminally truncated pE-Aβ compared to WT
peptides, suggesting that these peptides might be seeding the Aβ aggregation process. Furthermore,
these proteins have been shown to be resistant to peptidases, potentially extending the lifetimes of
Aβ oligomers [65]. Finally, experimental findings suggest that Aβ3(pE)−4X peptides have toxicities
similar to those of their full-length non-modified isoforms [224, 189]. While the available data on
this group of N-terminally truncated Aβ proteins suggest a significant role in AD, they have not
been studied previously through molecular dynamics approaches.
1..3.2 Molecular Dynamics Studies of Amyloid β-Protein
Molecular dynamics simulations can provide a level of structural and dynamic detail often absent
in experimental studies of proteins. While all-atom molecular dynamics approaches can aid the
study of folding and structure in monomers and small oligomers, they can fall short in the case of
simulating oligomerization due to the necessary increase in the size of the system. In such cases,
discrete molecular dynamics (DMD) studies combined with coarse-grained (CG) protein models can
allow for improved computational efficiency, since in the DMD approach interaction potentials are
described as square-well potentials and require only the use of conservation laws, unlike in classical
MD where highly detailed pair-wise interaction potentials are integrated at every time step.
The folding of amyloid β-protein has been studied extensively in its monomeric forms using all-
atom molecular dynamics tools which employ efficient sampling protocols such as replica-exchange
molecular dynamics [10, 223, 98, 215, 220, 121, 197, 148, 172, 199, 222, 26, 40, 155, 110, 171, 209,
5, 117, 8]. For example, Baumketner et al. simulated Aβ1−42 monomers using replica-exchange
molecular dynamics (REMD) with implicit water, and showed that the conformational ensemble
sampled 3 distinct families of structures which were made up mostly of turns and loops, and some
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Figure 10: Oligomer size distributions of of the wild types, Aβ1−40 and Aβ1−42, and their Arctic
mutants, [E22G]Aβ1−40 and [E22G]Aβ1−42. Image taken from reference [200]. The insets show the
PICUP/SDS-PAGE results from reference [25].
α-helical content at the C-terminal region [10]. Fully atomistic studies of oligomeric forms of Aβ,
especially the full-length forms, are more rare [173]. One such study was performed by Barz and
Urbanc for the Aβ1−40 and Aβ1−42 dimers [8]. In this study, monomer and dimer conformations
of these peptides were taken from discrete molecular dynamics simulations, and used as the initial
conformations in fully-atomistic MD simulations. Aβ1−42 dimers displayed an increased flexibility
and solvent exposure in the N-terminal region D1-R5 compared to Aβ1−40 dimers, in agreement
with DMD4B-HYDRA predictions [204].
Despite the effort put into improving the sampling capabilities of fully-atomistic molecular dy-
namics approaches, assembly events which take place at a larger scale still require the implementation
of coarse-grain peptide models and interactions. So far there have been several coarse-grain molecular
dynamics approaches that have been used to study the folding and oligomerization processes of the
Aβ family: the OPEP force field combined with MD which has been used to study the distinct mor-
phologies and dimerization pathways of Aβ1−40, Aβ1−42, and [D23N]Aβ1−40 [35, 36], the PRIME20
force field combined with DMD which has been used to simulate the twisted Aβ16−22 fibrils [32, 31],
and the DMD4B-HYDRA approach [204, 202, 225, 106, 200]. The latter method has captured sev-
eral key features of the full-length Aβ alloforms observed in experiments. First, the distinct oligomer
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size distributions of Aβ1−40 and Aβ1−42 have been successfully replicated [204, 202, 225, 106, 200]
including the presence of the experimentally observed pentamers/hexamers, and dodecamers in the
case of Aβ1−42, but not in Aβ1−40 [23, 19]. Second, the DMD approach has also captured the turn at
the C-terminal region of Aβ1−42, which is not seen in Aβ1−40 conformations [109, 131, 102, 221, 172].
Finally, the oligomer size distributions of the Arctic mutants [Glu22Gly] of Aβ [200] associated with
the familial form of Alzheimer’s disease [96, 136, 38, 130, 139, 212] were also in agreement with in
vitro data [25] as shown in Fig. 10.
In Chapter 4 of this thesis, an investigation of the folding and aggregation pathways of the
N-terminally truncated amyloid β-protein alloforms, Aβ3−40/42 and Aβ11−40/42, with the DMD4B-
HYDRA approach will be presented.
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2. COMPUTATIONAL METHODS
In this chapter, a brief introduction to the methods used in this thesis will be provided. First, the
all-atom molecular dynamics simulation techniques used for the projects described in Chapters 3
and 5 will be discussed. Next, the discrete molecular dynamics force field used in Chapters 4 and
5, along with the four bead protein model with amino acid-specific interactions (DMD4B-HYDRA)
used in these studies will be introduced.
2..1 All-Atom Molecular Dynamics with Explicit Solvent
Molecular dynamics (MD) simulations are a means of replicating the dynamics of particles, polymers,
or proteins at the level of atomic detail. In fully atomistic MD approaches, the system being studied is
represented as a collection of particles and bonds which interact through classical forces. In this work,
all fully atomistic molecular dynamics (MD) simulations have been performed using the GROMACS
4.5.5 package, with the exception of the simulations presented in section 3.1, which were done using
the GROMACS 4.0.7 package [14, 118, 181, 79, 144]. Particle movements in fully atomistic MD
methods are simulated through the integration of Newton’s laws of motion. Each atom is assigned a
mass, an atomic radius, and a charge. Each bond, bond angle, and dihedral angle can be described by
the appropriate interparticle potentials. To correctly reproduce the interactions between particles
(Lennard-Jones potentials, electrostatic potentials, etc.), the necessary force field parameters are
derived from quantum-mechanical calculations and experimental data. Since systems are treated as
classical, covalent bonds cannot be formed or broken, but remain unchanged throughout the length
of the simulation.
To prepare the system for production runs in MD, several preliminary steps need to be taken.
First, the simulation box is prepared by constructing the protein model according to the parameters
defined by the force field of choice. Next, the shape and size of the simulation box is chosen in
addition to the type of the statistical ensemble. The shape of the simulation box, which can be
triclinic, cubic, rhombic dodecahedral, or truncated octahedral, either closed or periodic, can affect
computational efficiency. The type of ensemble used (NPT, NVT, NVE, etc.) determines which
variables are to be kept constant. After this stage, the protein model is solvated using the preferred
water model. Since the simulation box needs to be electrostatically neutral during the production
runs, the addition of ions, usually Na+ or Cl− ions, in place of an equivalent number of solvent
molecules is required. Any co-solvents can also be added at this stage.
The second step involves energy minimization for the purpose of bringing the system to an
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equilibrium state. Because the particles are placed in the simulation box randomly in the previous
step, it is likely that there are regions in the box which are not equilibrated or contain steric clashes
between particles. At this step, the total potential energy, and the forces on each particle are
calculated. Using the method of steepest descent, particles are re-arranged for a pre-set maximum
number of steps or until convergence of the potential energy of the system is observed. It is worth
noting that although the particles are re-arranged, molecular dynamics is not performed in this
energy minimization step. The next step, however, does involve dynamics; the solvent is allowed to
move, while the solute (protein) is held in place with constraints. Since the velocities of each particle
are assigned randomly from the Maxwell distribution in accordance with the system parameters
selected in the previous step, the simulation box might contain non-equilibrated regions. Hence
this step allows for the relaxation of the system prior to the production runs. For the simulations
described in this thesis, equilibration steps were performed within NPT ensembles using thermal
coupling with velocity rescaling and a Berendsen barostat [13].
Once the system has undergone the energy minimization and equilibration steps, it is ready for
the production runs. The position restraints on the system are removed, and simulation lengths can
be selected according to the problem under study. Typical MD simulation times used in this thesis
are 50 to 100 ns.
2..1.1 Force Fields: OPLS-AA, AMBER03
The choice of force field in an MD simulation plays a decisive role in the accuracy of results. In this
work, two force fields have been used for fully atomistic molecular dynamics simulations, OPLS-AA
[94, 93], and AMBER-03 [46].
The Optimized Potentials for Liquid Simulations (OPLS) force field was designed by Dr. William
L. Jorgensen and colleagues at Purdue University, and later developed further at Yale University.
The OPLS-AA (Optimized Potentials for Liquid Simulations-All Atom) parameters were optimized
to replicate the experimentally observed bulk properties of liquids, in addition to the gas-phase
torsion potentials of amino acids [94, 93].
The AMBER-03 force field is a version of the Assisted Model Building with Energy Refinement
force fields family, initially developed by Peter Kollman and colleagues in the University of California,
San Francisco. Specifically, the AMBER-03 force field is a modified version of the earlier AMBER-
99 force field, from which the charge, and backbone torsion potentials have been optimized using
quantum-mechanical calculations combined with a continuum solvent model, in addition to the
implementation of amino acid-specific main-chain charges [46].
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Table 2: Parameters of three-site water models used in all-atom MD simulations.
Water Model r(OH) [A˚] HOH [◦] A [× 10−3 kcal A˚12/mol] B [kcalA˚6/mol] q(O) q(H)
TIP3P[92] 0.9572 104.52 582 595 -0.834 0.417
SPC/E[12] 1 109.47 628.4 625.5 -0.8476 0.4238
Table 3: Parameters of four-site water models used in all-atom MD simulations.
Water Model r(OH) [A˚] HOH [◦] r(OM) [A˚] A [× 10−3 kcal A˚12/mol] B [kcalA˚6/mol] q(M) q(H)
TIP4P[92] 0.9572 104.52 0.15 695 600 -1.07 0.535
TIP4P-Ew[81] 0.9572 104.52 0.15 600 610 -1.04 0.52
2..1.2 Water Models: TIP3P, SPC/E, TIP4P, TIP4P-Ew
In molecular dynamics simulations, classical representations of water molecules are used as explicit
water models. The models are developed using quantum mechanical calculations, classical mechan-
ics, and experimental constraints. Water models can have different numbers of interaction sites,
they can be polarizable or non-polarizable, rigid or flexible. For MD studies of proteins, the most
frequently used water models tend to be rigid three or four site models. Within this work, four ex-
plicit water models have been used, TIP3P [92, 122], SPC/E [12], TIP4P [92, 122], and TIP4P-Ew
[81].
Both TIP3P (Transferable Intermolecular Potential 3P) and SPC/E (Extended Simple Point
Charge) are rigid three-site models, with each site corresponding to a partial point charge which can
be seen in Table 2..1.2 alongside other relevant model parameters. The Lennard-Jones potential is
implemented for interactions between the oxygen atoms. The SPC/E model uses the ideal tetrahedral
structure with a HOH angle of 109.47◦, while the TIP3P model uses the experimentally observed
angle of 104.5◦. The SPC/E water model also has a slightly larger dipole moment (2.351 D) and
larger partial point charges than the TIP3P model (2.347 D). The SPC/E model is unique among
three-site water models as it includes a polarization correction term in the potential energy function,
which results in an improved density and diffusion constant compared to its predecessor, the SPC
model. Due to these properties, SPC/E displays better bulk dynamics and structure, while TIP3P
yields weaker structure and faster dynamics when compared to experimental data on liquid water.
The two water models also differ in densities, with 0.998 g/cm3 for SPC/E and 0.982 g/cm3 for
TIP3P at ∼300 K.
The two four-site models used in this thesis, TIP4P Transferable Intermolecular Potential 4P)
and TIP4P-Ew Transferable Intermolecular Potential 4P Ewald), are quite similar in their make-up.
The TIP4P model was initially designed by Jorgensen and colleagues alongside TIP3P [92, 122].
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As in all four-site models, a negatively charged dummy atom (M) is implemented on the symmetry
axis of the water molecule near the oxygen atom and between the OH bonds. The TIP4P-Ew water
model is a modified version of TIP4P, and is better suited for use with the Ewald summation method
which is often employed in the calculation of long-range electrostatic interactions in periodic systems
[81]. The corresponding water model parameters for the Lennard-Jones potentials, alongside bond
lengths, angles, and charges are reported in Table 2..1.2.
2..2 Discrete Molecular Dynamics with Implicit Solvent
2..2.1 Discrete Molecular Dynamics
In discrete molecular dynamics (DMD) simulations interactions between particles are defined by
square-well potentials [151]. When two particles are at a distance corresponding to that of the
discontinuity in the interparticle square-well potential, a collision occurs, and the new velocities
of the particles are assigned according the the laws of conservation of energy, linear momentum,
and angular momentum. Between collisions particles are assumed to move in straight lines with
constant speeds. Pair-wise collision times are calculated and sorted at each step, after which the
shortest collision time is selected for the next collision. Hence DMD is an event-driven method.
The efficient algorithm employed in the sorting of the collision times constitutes the “bottleneck” in
DMD. In contrast to the classical MD algorithm, which requires the integration of Newton’s laws of
motion for every time-step, DMD has significantly increased computational efficiency over classical
MD [203, 202].
As in the classical MD simulations mentioned before, DMD simulations are also done using
periodic boundary conditions imposed on a cubic box of fixed dimensions. The temperature of
the system is kept constant using the Berendsen thermostat [13]. The particular method used in
the DMD simulations performed within this thesis uses a force field that accounts for the solvent
implicitly as described below.
2..2.2 Four-Bead Protein Model
While coarse-graining techniques offer the advantage of computational efficiency, it is crucial that
the model being used retains the relevant features of the system under study. For this reason, an in-
termediate resolution protein model was implemented in the DMD simulations described herein [43].
In this model, each amino acid is represented with four beads for each group of atoms: (i) the amino
group (N), (ii) the α-carbon group (Cα), (iii) the carbonyl group (C), and (iv) the side-chain group
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(Cβ), except in the case of glycine which does not have a Cβ atom [43].
Figure 11: (a) The four-bead peptide model. The
solid lines represent the covalent bonds, while the
dashed lines represent the auxiliary bonds which
preserve the tetrahedral structure of each amino
acid in addition to the planar constraints of the
peptide bond. (b) Backbone hydrogen bonding.
The thick dashed line represents the hydrogen
bond, while the thin dashed lines represent the
auxiliary bonds necessary for the formation of
backbone hydrogen bonds. Images taken from ref-
erence [43] and modified.
The four-bead protein model was initially in-
troduced by Ding and colleagues in 2003. It
represents the smallest number of atoms that
can be used for an amino acid without losing
its chiral property. The lengths of the bonds
and the angular constraints of these bonds
have been determined phenomenologically from
∼7700 known protein structures from the Pro-
tein Data Bank (PDB) [15]. Each of these con-
straints are allowed to vary up to 2%, which
introduces some flexibility to the system [43].
Additionally, the existence of the side chain
bead allows for the implementation of side chain
specific interactions, which will be discussed in
more detail in the following sections.
2..2.3 Backbone Hydrogen Bonding
In protein folding, secondary structure forma-
tion depends on the formation of intra-peptide
hydrogen bonds. Since the four-bead model, un-
like in classical MD force fields, does not in-
clude the atoms and partial charges necessary
for hydrogen bond formation, this structure has
been implemented via a geometric definition. A
backbone hydrogen bond can form between the
amide group of residue i (Ni) and the carbonyl
group of residue j (Cj) whenever the distance
between the two atoms becomes equal to 4.23
A˚, the hydrogen bond cut-off distance, and the kinetic energy is large enough to overcome the
change in potential energy introduced by the formation of a hydrogen bond [43].a Otherwise the
aThis type of backbone interaction, initially implemented by Ding et al., has been slightly modified from its original
which used 4.2 A˚ as the hydrogen bond cut-off distance instead of the 4.23 A˚ distance used in the current study.
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atoms will go through simple excluded volume collision at a distance equal to the sum of their hard-
core radii. The angular dependence of the hydrogen bond is implemented through auxiliary bonds
between the pairs Ni–Cαj , Ni–Nj+1, Cj–Cαi, and Cj–Ci−1, shown in Fig. 11b as the thin dashed
lines. According to the auxiliary bond distances listed in Table 2..2.3, the potential of the pairs are
V =

EHB if dmin < d < d0
EHB/2 if d0 < d < d1
0 if d1 < d < dmax
∞ otherwise
Table 4: Auxiliary bond distances for backbone hydro-
gen bonding.
Pairs dmin [A˚] d0 [A˚] d1 [A˚] dmax [A˚]
Ni–Cαj 4.46 4.66 4.82 5.56
Ni–Nj+1 4.47 4.62 4.78 5.41
Cj–Cαi 4.40 4.56 4.72 5.39
Cj–Ci−1 4.44 4.62 4.79 5.39
where EHB is the potential energy
of a hydrogen bond. Hence the poten-
tial energy change when two chains ap-
proach each other can be -EHB , -EHB/2,
0, EHB/2, ... 3EHB , and ∞ depending
on the orientation of Ni and Cj , and their
neighbouring atoms. If the angular distor-
tion is large, the potential energy change
will also be large making it difficult for a
hydrogen bond to form. The formation of
a hydrogen bond is taken as a reaction, such that once a hydrogen bond is formed, the atom types
are changed, and the excluded volume collision distances for the new Ni and Cj atoms is set to 3.9
A˚ to mimic the hydrogen bond structure. Thus, at the lowest energy state of a hydrogen bond, the
auxiliary bond lengths are in the [d1, dmax] range, while the Ni and Cj atoms remain within the [3.9
A˚, 4.23 A˚] range. The reverse reaction of hydrogen bond breaking is also possible whenever there is
a large enough fluctuation that disturbs the orientation of the hydrogen bond [43]. EHB represents
the unit of energy in this DMD approach, while temperature is measured in units of EHB/kB . In the
following chapters, T = 0.13 EHB/kB will be used, since this value has been shown to correspond
to the physiological temperature in previous studies of amyloid β-protein [204, 225, 200]. These
parameters yield a time unit of ∼0.33 ps, meaning 100 × 106 simulation steps is approximately 33
µs.
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2..2.4 Amino Acid-Specific Interactions
As mentioned earlier, the side chain bead of the four-bead protein model allows for the imple-
mentation of amino acid-specific interaction potentials. Especially when studying the aggregation
processes of proteins, it is necessary to find a means to replicate the effect of hydrophobic collapse.
This requires both an amino acid-specific approach and a means of mimicking the effects of water
as a solvent. For this reason, Urbanc et al. implemented the Kyte-Doolittle hydropathy scale into
the four-bead protein model [204, 105]. In the Kyte-Doolittle hydropathy scale amino acids Ala
(with a hydropathy value of 1.8), Cys (2.5), Phe (2.8), Ile (4.5), Leu (3.8), Met (1.9) and Val (4.2)
are hydrophobic, while Asn (-3.5), Gln (-3.5), Asp (-3.5), Glu (-3.5), Lys (-3.9), and Arg (-4.5)
are hydrophilic. The other residues are considered neutral in the hydropathy scale, since their hy-
dropathy values remain lower than the threshold values of 0.7 for hydrophobic residues, and -2.4 for
hydrophilic residues.
The hydropathic interactions are defined as single square-well potentials whose depths are cal-
culated as the average of the hydropathy values after they have been normalized between -1 (for
hydrophobic residues) and +1 (for hydrophilic residues). Effective interactions among hydrophobic
side chains are attractive, hence the hydrophobic residues cluster together and reduce their solvent
accessible surface area (SASA), mimicking the effect of hydrophobic collapse. On the other hand,
effective hydrophilic side chain interactions are repulsive, resulting in an increased SASA for such
residues, mimicking the tendency of hydrophilic and polar residues to interact with water molecules.
Interactions between hydrophobic and hydrophilic side chains are modelled as hard-sphere inter-
actions [202]. The coexistence of effective hydrophobic and hydrophilic interactions also allow for
non-zero solubility and metastable oligomer size distributions as demonstrated by Barz and Urbanc’s
minimal self-assembly model of tetrahedral structures formed of two attractive and two repulsive
beads [9]. Additionally, there is an implicit solvent parameter, EHP , which is a means of defin-
ing the strength of hydrophobic/hydrophilic interactions in relation to the energy of a hydrogen
bond, EHB . Hence EHP = 0.3 would imply that the maximum potential energy loss for effective
hydrophobic attraction between two Cβ atoms would be 0.3 × EHB . By varying EHP , the hy-
drophathic interaction strengths in DMD can mimic the effects of polar or apolar solvents implicitly.
The EHP = 0.3×EHB value for the implicit solvent parameter with the interaction distance of 7.5
A˚ has been shown previously to successfully replicate experimentally observed Aβ1−40 and Aβ1−42
oligomer size distributions [204, 225, 200]. In Chapter 4, EHP = 0.3×EHB and the side chain inter-
action distance of 7.5 A˚ will be used for the study of the oligomerization processes of N-terminally
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truncated Aβ alloforms.
There is an additional implicit solvent parameter, ECH , for describing the effective electro-
static interactions. This implicit solvent parameter mimics the electrostatic shielding of the solvent
medium. Similarly to EHP , ECH determines the strengths of the effective electrostatic interactions
relative to the hydrogen bond energy, EHB . As with EHP , there is an outer cut-off distance for the
effective electrostatic interactions of the side chains, which is set to 7.5 A˚ for the study presented
in Chapter 4. Additionally there is a “soft core” interaction distance of 6.5 A˚ for the effective
electrostatic interactions. A final detail in regards to effective electrostatic interactions is that the
charges assigned to the side chains of residues can be turned on or off. This feature of DMD allows
for simulations of different pH ranges.
In Chapter 5, the DMD4B-HYDRA force field described above will be explored in detail. The
effects of side chain interaction distances and effective electrostatic interaction strengths will be
studied using several proteins with known structures in order to characterize the DMD4B-HYDRA
force field in terms of its applicability as a sampling technique within a multi-scale approach for
structure determination.
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3. INTRINSIC CONFORMATIONAL PREFERENCES
OF RESIDUES IN WATER
This chapter is dedicated to the exploration of the mechanism underlying the conformational pref-
erences of amino acid residues. The first section presents a preliminary study which was a part
of a larger experimental project in which the effects of pH and termini blocking on conformational
propensities of alanine were investigated. For this project, MD simulations were used to complement
the experimental data and to study the hydration shell structures of the central alanines in cationic
and zwiterrionic trialanine (AAA), and in alanine dipeptide (AdP). Two force fields and four water
models were tested. These initial results regarding the hydration shell structures of alanine pep-
tides, along with the experimental work of Schweitzer-Stenner and colleagues outlined in Section
1.2, constitute the motivation behind the work presented in the second section of this chapter. In
this second section, a comprehensive analysis of the hydration shell structures of AAA, AdP, and
15 GxG peptides (x = A, L, I, V, F, W, Y, S, C, M, N, Q) are presented and studied in the light of
the experimentally determined conformational propensities.
3..1 Testing Conformational Propensities in Force Fields and Water Models
Reproduced in part from reference [193].
3..1.1 Introduction
The dominant preference for the pPII conformation of the unfolded state of proteins is a difficult
subject of study due to the limitations of experimental techniques. As mentioned earlier in the
introduction, one type of system that has provided results is short peptides, especially for alanine
residues since alanine has an exceptionally high pPII propensity among the naturally occurring
amino acids. There is an ongoing debate as to which system is the best model for determining
the intrinsic conformational preferences of amino acid residues in the unfolded state when in water.
While blocked dipeptides, such as alanine dipeptide, have long been the primary targets of such
studies since the earliest studies on the subject conducted by Ramachandran and colleagues [150],
other groups have focused on unblocked tripeptides, such as AAA and GxG, which provide better
resolution in vibrational spectroscopy studies than blocked peptides [217, 219, 218, 70, 69].
One criticism of unblocked tripeptides is that the terminal charges of the system might affect
the conformation of the central residue [77]. To test this statement, Toal and colleagues performed
infra-red (IR), Raman, and vibrational circular dichroism (VCD) experiments of unblocked triala-
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nine (cationic, zwitterionic, and anionic AAA) and alanine dipeptide (AdP) and obtained the amide
I’ band profiles and NMR J-coupling constants. Using this data, conformational distributions were
generated as superpositions of two-dimensional Gaussian distribution functions assigned to the rel-
evant secondary structure regions of the Ramachandran plot. In agreement with earlier results of
Graf et al. [63]. and Schweitzer-Stenner [164], a dominant pPII propensity of 0.84 was acquired for
all protonation states of AAA alike, followed by a β-strand propensity of 0.08, and right-handed
α-helical propensities of 0.04. The pPII propensities for AdP were significantly lower, 0.74. In ad-
dition to the conformational propensities, Toal et al. performed a thermodynamic analysis of the
∆ε(T) and 3J(HNHα)(T) data from circular dichroism and H NMR spectra using a two-state model.
The two-state model represents the conformational space of amino acids as consisting of pPII and
β-strand states, which are assumed to be the predominant conformations in unfolded peptides. In
this model, the analysis of the Gibbs free energy differences between the pPII and β states can be
performed as long as the contributions from other states, such as turns and helices, remain small and
do not strongly depend on temperature. Through this analysis, it was shown that the free energy
landscapes of the different protonation states of AAA are very similar.
All-atom molecular dynamics of short peptides can help expand our understanding of the exper-
imental data described above. Cationic and zwitterionic AAA, and AdP were simulated in all-atom
MD with explicit solvent using a variety of force field (OPLS-AA [94, 93], and AMBER-03 [46]),
and water models (TIP3P [92, 122], SPC/E [12], TIP4P [92, 122], and TIP4P-Ew [81]). It is well-
known that for short peptides, most force field and water model combinations fail to reproduce the
experimemntally obtained conformational preferences of residues accurately [61, 62, 82, 20, 104, 213,
21, 119, 135, 37, 90, 228]. In the following sections, the Ramachandran plots, and conformational
propensities of AAA and AdP will be provided. In addition, the lifetimes of these conformations and
the radial distribution functions of AAA and AdP from MD simulations will be reported. The results
corroborate the aforementioned experimental studies in regards to the similarity of the conforma-
tional distributions of the protonation states of AAA, and reveal significant differences between the
water hydration shells of AAA and AdP, indicating the importance of water-peptide interactions in
determining the conformational preferences of amino acid residues.
3..1.2 Simulation Protocol
Our initial simulations of cationic and zwiterrionic trialanine peptides and alanine dipeptide were
conducted within GROMACS 4.0.7 using the OPLS-AA force field [94] combined with TIP3P [92],
SPC/E [12], and TIP4P [92] water models, and the AMBER03 force field [46] combined with TIP3P,
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SPC/E, TIP4P, and TIP4P-Ew [81] water models. Each peptide conformation was solvated in a
cubic box of edge length ∼50 A˚ with ∼4500 water molecules. Cubic boundary conditions were
imposed. The energy minimization was performed using steepest descent minimization with 100,000
steps, followed by pressure equilibration for 20 ps at 300 K and 1.0 bar using thermal coupling
with velocity rescaling and a Berendsen barostat [13]. Each conformation was simulated for 50 ns
at 300 K with a 2 fs time step. Trajectories were saved every 20 ps, resulting in a total of 2501
conformations per trajectory.
3..1.3 Results
Choice of the force field and water model significantly affects conformational propen-
sities
The dihedral angle distributions have been calculated within the GROMACS 4.0.7 analysis tools.
For each Ramachandran plot, two-dimensional distributions of φ and ψ obtained for each frame of
the simulations were prepared using 90× 90 = 8, 100 bins, resulting in bin sizes of 2◦ × 2◦. The Ra-
machandran plots corresponding to the OPLS-AA–SPC/E simulations for cationic and zwitterionic
AAA, and AdP can be seen in Figure 12. To compare the MD-derived propensities to experi-
mental conformational propensities, the pPII, β, and helical propensities were calculated using the
boundaries:
1. pPII (-125◦< Φ < -30◦, 100◦< Ψ < 180◦ & -180◦< Ψ < -160◦),
2. right-handed α-helical (-125◦< Φ < -30◦, -75◦< Ψ < -10◦), and
3. β-strand (-180◦< Φ < -125◦, 100◦< Ψ < 180◦ & -180◦< Ψ < -160◦)
Figure 12: Ramachandran plots of (a) cationic AAA, (b) zwitterionic AAA, and (c) alanine dipep-
tide.
34
Table 5: Secondary structure propensities for force fields, OPLS-aa and AMBER03, and water
models TIP3P, TIP4P, TIP4P-Ew, and SPCE/E.
Cationic AAA Zwitterionic AAA AdP
Force Field Conformation TIP3P SPC/E TIP4P TIP4P-Ew TIP3P SPC/E TIP4P TIP4P-Ew TIP3P SPC/E TIP4P TIP4P-Ew
OPLS pPII 0.60 0.67 0.62 0.54 0.53 0.57 0.44 0.47 0.45
β-strand 0.12 0.11 0.15 0.13 0.12 0.15 0.12 0.11 0.14
Helical 0.17 0.13 0.15 0.12 0.13 0.08 0.23 0.22 0.22
Remainder 0.11 0.09 0.06 0.21 0.22 0.20 0.11 0.20 0.19
AMBER03 pPII 0.58 0.61 0.59 0.39 0.39 0.37 0.41 0.34 0.39
β-strand 0.22 0.19 0.24 0.15 0.15 0.16 0.16 0.17 0.15
Helical 0.09 0.08 0.06 0.34 0.34 0.35 0.30 0.36 0.34
Remainder 0.11 0.12 0.11 0.12 0.12 0.12 0.13 0.13 0.12
These boundaries ensure that each conformation belonging to any given secondary structure
basin observed in the Ramachandran plots would be counted accordingly. The final conformational
fractions calculated using these boundaries are listed in Table 3..1.3 for all force field/water model
combinations.
As expected, all force field/water model combinations result in pPII propensities lower than the
experimentally acquired ones. The OPLS-AA force field combined with the SPC/E water model
yields the highest pPII propensities among all combinations. Of the two force fields, OPLS-AA
yields the more realistic pPII propensities compared to AMBER-03, independent of the water model
used. The right-handed α-helix-like conformations present propensities which are at least twice as
large as those observed in experiments. This bias towards α-helical conformations is a well-known
feature of commonly used MD force fields [61, 52, 226, 20, 62].
While there is room for improvement of MD force fields and water models, as the aforementioned
discrepancies reveal, the Ramachandran plots do qualitatively agree with the experimental data. A
closer look at Table 3..1.3 reveals that the pPII propensities of the AAA peptides are in fact larger
than those of AdP, except for TIP4P-Ew in AMBER-03. In the latter case the propensities appear to
be equal for all three peptides, yielding 0.39 for the pPII propensity. Unlike the propensities obtained
in experiments, the pPII propensities of cationic AAA appear to be larger than the pPII propensities
of zwitterionic AAA. However, it should be noted that the β-strand and helical conformations
retain the same propensities between the two protonation states, as if the pPII basin is “smeared”
towards lower ψ values. This effect, which is not observed in the experimental data, is shown in
the Ramachandran plots (Figure 12) for the OPLS-AA–SPC/E combination, for which the region
between the β-strand and α-helical regions is more populated for zwitterionic AAA than for cationic
AAA.
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Figure 13: The distributions for the durations of
the pPII, β, and helix conformations of cationic
AAA (black dots) and AdP (red dots) obtained
from the MD simulations with OPLS-AA–SPC/E.
Solid lines represent exponential fits. Image taken
from reference [193] and modified.
Lifetimes of Conformations
In addition to the conformational propen-
sities, MD simulations can provide details of
the dynamics of the system. For this purpose,
the time evolution of the dihedral angles φ and
ψ were analyzed for the 50 ns trajectories of
cationic AAA, and AdP to obtain the lifetimes
of each conformation. The distributions of the
durations of the conformations are shown in Fig-
ure 13. The lifetimes (τ) for each conformation
were obtained by Toal, by fitting exponential
functions to the distributions. All distributions,
except for the pPII distribution of AAA, were
accurately fit with single exponential functions.
For the pPII distributions of AAA a biexponen-
tial fit was necessary. The lifetimes obtained in
this analysis can be seen in Table 6.
The pPII lifetimes of AAA obtained from
the biexponential fit were 15.8 ps and 181.8 ps.
The two lifetimes obtained might be a result
of inhomogeneities in the hydration shell struc-
tures. For AdP, the pPII lifetimes were 63.7 ps,
which is near the average of the two lifetimes
obtained for the pPII conformation of AAA. It
is possible that there is a fast phase for AdP
also, but given the 20 ps time resolution of the
MD simulations, the available data might not
reflect this. For both AAA and AdP, the pPII
conformation present the largest lifetimes of the
conformations studied. For the β-strand confor-
mations, lifetimes of 15.95 ps and 9.58 ps were
obtained for AAA and AdP, respectively. The lifetimes of helical conformations reveal a similar
trend with 70.4 ps for AAA, and 34.6 ps for AdP. Thus the lifetimes of AAA conformations are
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Table 6: Average lifetimes and initial population N0 and R
2 parameters from duration distribution
fits for AAA and AdP for each conformation.
Conformation N0 τ (ps) R
2
AAA pPII 0.0084/0.0051 15.77/181.81 0.976
β-strand 0.0898 15.95 0.990
Helical 0.0154 70.4 0.985
AdP pPII 0.0175 63.7 0.996
β-strand 0.2071 9.58 0.999
Helical 0.0326 34.6 0.993
significantly larger than those of AdP conformations. This result is not necessarily evident in the
conformational propensities obtained for these peptides, but can be explained through the hydration
shell structure differences between the two peptides.
AAA is surrounded by a more ordered hydration shell than to AdP
Despite the discrepancies observed between the conformational propensities obtained from ex-
perimental and in silico data, all-atom MD simulations with explicit solvent can provide valuable
insight into the structural features of the water-peptide interactions. For this purpose, the radial dis-
tributions functions between the functional groups of the central alanine residue and water molecules
were calculated using algorithms implementedv[112] within the Visual Molecular Dynamics (VMD)
software packagev[84] for the two protonation states of AAA, and AdP. Specifically, the radial distri-
bution functions of the backbone amide hydrogen (NH) with the water oxygens, and the backbone
carbonyl oxygen (CO) with the water hydrogens were plotted for a radial range of 10 A˚ with a step
size of 0.1 A˚ (Figure 14). Since the radial distribution functions of the two protonation states of
AAA were nearly identical, the zwitterionic AAA results will be omitted in this section.
For cationic (and zwitterionic) AAA, two well-defined peaks are observed in the NH-O radial
distribution functions: the first peak at 1.7 A˚ and the second peak near 3.2 A˚ (Fig. 14a, red line).
The first peak appears at the hydrogen bonding distance for the NH-O pair. The second peak,
which is quite pronounced, signifies a highly ordered water structure around the amide hydrogen. In
contrast, the first peak observed for the NH-O radial distribution functions of AdP appears at ∼2 A˚
with a peak height about one third of the height observed for AAA. This suggests that the central
alanine residue of AdP is much less hydrated than in AAA, possibly implying weaker water-peptide
hydrogen bonding around the backbone NH group. In addition, unlike for AAA, there is no second
peak in this radial distribution function, which can explain the relative pPII propensities of AAA and
AdP. The highly structured water hydration shell around AAA with its increased hydrogen bonding
37
Figure 14: (a) Radial distribution functions, g(r), of cationic AAA and AdP for protein-water
interactions (NH-O and CO-H). Distributions of the dihedral angle φ and the distance between the
nitrogen atom of the third residue and the side-chain atom Cβ of the central alanine residue in (b)
AAA, and (c) AdP.
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capability likely stabilizes the pPII conformation by increasing the free energy barrier between the
pPII and β states, increasing the lifetimes of the pPII conformations over those of the β-strand
conformations.
3..1.4 Discussion
In this study, the effects of the termini blocking on the conformational preferences of alanine has
been investigated. MD simulations of cationic and zwitterionic AAA, and AdP were performed
using a wide range force field and water model combinations. From these trajectories, the confor-
mational propensities of each peptide were derived and compared to the propensities acquired from
the thermodynamic analysis of vibrational spectroscopy data produced by Toal et al. [193]. Of the
force field and water model combinations tested, OPLS-AA and SPC/E yielded the most accurate
results.
The results of this study corroborate qualitatively the experimentally observed differences be-
tween the pPII propensities of AAA and AdP. While the pPII propensities derived from MD simu-
lations are lower than experimentally derived propensities, the lifetimes of conformations and struc-
tural analysis of the hydration shells of AAA and AdP reveal relevant insights into the mechanism of
pPII stabilization. The hydration shell of AAA has been shown to be highly ordered and also denser
than that observed for AdP. Combined with the increased lifetimes of the pPII conformations of
AAA compared to AdP, this suggests that the water-peptide interactions of AAA contribute to the
stabilization of the pPII conformations through the existence of a larger free energy barrier between
the pPII and β-strand conformations than exists in the AdP system. This mechanism has been
proposed previously in several studies [71, 61, 57, 45, 191]. These results reveal the importance of
accurate water models and force fields in the computational study of structure prediction for the
unfolded state.
3..2 Water-Centric Interpretation of Intrinsic pPII Preferences of Amino Acid
Residues
3..2.1 Introduction
In this section, the role of water-peptide interactions in the conformational preferences of amino
acid residues will be discussed in further detail. While the MD studies of AAA and AdP de-
scribed above provide relevant insight into this topic, there remains the question of how non-alanine
residues compare to alanine, and how the variations in the conformational propensities of differ-
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ent residues are determined by water-peptide interactions. As described in the Section 1.2, the
conformational propensities of individual amino acid residues differ greatly from one another, and
from the predictions of the random coil model. Hence to explore the mechanism underlying the
unique conformational preferences of amino acid residues, all-atom MD simulations of AAA, AdP,
and 15 GxG peptides with the guest residues x = A, L, I, V, F, W, Y, K, R, D, S, C, M, N, and
Q were performed using the OPLS-AA [94] force field with the TIP3P [92] and SPC/E [12] water
models. The trajectories were then analyzed to obtain conformational propensities, and separated
into sub-ensembles of pPII and β-strand conformers. The relevant variables pertaining the differ-
ences between the solvation of the pPII and β-strand conformations were calculated, and a thorough
analysis of the correlations between these variables and experimentally obtained pPII propensities
was performed. Additionally, a novel method for describing the organization of the hydration shell
near the side chain is introduced to further explore the connection between water hydration and
conformational preferences of amino acids.
3..2.2 Simulation Protocol
In this study, cationic AAA, AdP and fifteen GxG peptides capped by NH+3 and COOH groups at
the N- and C-termini, respectively, with guest residues x = A, L, I, V, F, W, Y, K, R, D, S, C,
M, N, and Q were prepared for MD using the OPLS-AA[94] force field within GROMACS 4.5.5
[14, 118, 181, 79, 144]. Since the experiments, from which the data on the intrinsic propensities of
guest residues were derived, had been performed at low pH, the protonated form of D was used in
the GDG simulation. Each peptide was solvated in a cubic box of edge length ∼40A˚ (about 3,800
water molecules) with either the TIP3P [92] or the SPC/E[12] water model. The necessary number
of Na+ or Cl− ions were added to the system to neutralize the simulation box. Cubic periodic
boundary conditions were imposed. For long-range electrostatic interactions, particle mesh Ewald
(PME) [196] was used with default parameters. A 2 fs time step was used for all simulations. For
the energy minimization step the steepest descent method was used for 100,000 steps, followed by a
20 ps pressure equilibration at 300 K and 1.0 bar, using a thermal coupling with velocity rescaling
and a Berendsen barostat [13]. Production runs of 100 ns were produced at 300 K and trajectories
were saved every 20 ps, amounting to 5001 frames per trajectory.
3..2.3 Analysis
Ramachandran Plots
The dihedral angles (Φ, Ψ) have been calculated using the GROMACS 4.5.5 analysis tools. For
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each Ramachandran plot, 90× 90 = 8, 100 bins were prepared, and the dihedral angle distributions
were calculated accordingly. To compare experimental conformational propensities [164, 70, 158] to
that derived from the MD simulations, the pPII, β, and helical propensities were calculated using
the boundaries previously described in the alanine study [193]:
1. pPII (-125◦< Φ < -30◦, 100◦< Ψ < 180◦ & -180◦< Ψ < -160◦),
2. right-handed α-helical (-125◦< Φ < -30◦, -75◦< Ψ < -10◦), and
3. β-strand (-180◦< Φ < -125◦, 100◦< Ψ < 180◦ & -180◦< Ψ < -160◦)
The experimentally derived conformational propensities reported in this study come from the
work done by Schweitzer-Stenner and colleagues, [164, 70, 69, 166, 158, 195] who have examined these
peptide systems through infrared (IR), Raman, vibrational circular dichroism (VCD), and NMR
spectroscopic techniques. The pPII propensities derived from these studies can be seen in Figure
16. The experimental conformational propensities were also calculated using the above boundaries,
however the input for these calculations come from distributions obtained by the superposition of
two dimensional Gaussian functions which have been fit to data from amide I’ band profiles in
vibrational spectra and several NMR J-coupling constants [70, 69, 166, 158].
Water Orientation Plots
In order to understand the geometry of the solvation shell, a novel method was devised for
describing the orientation of water molecules within the 4 A˚ region (as measured from the centers
of the atoms of the peptide) surrounding the side chain of each guest residue. This allows for a
single layer of water molecules to be selected for analysis. To describe the orientation of each water
molecule, the unit vector that is normal to the solvent accessible surface area, nˆ, and the vector
that points along the symmetry axis of each water molecule, wˆ, pointing from the oxygen to the
midpoint between the two hydrogen atoms was used (Figure 15a).
For every conformation, the solvent accessible surface area of the side chain is mapped, and for
each water molecule in the first hydration shell, the three closest solvent accessible surface area
points to the centroid of the water molecule is found to calculate nˆ. Then the angle between nˆ,
and the symmetry axis of the water molecule, wˆ, is calculated (Figure 15a), referred to as η in the
water orientation plots. By taking the cross product of nˆ and wˆ, another axis that is parallel to the
solvent accessible surface area is created (Figure 15b). This axis can be said to lie on the base of
the cone that the water molecule would trace when rotated around its symmetry axis, wˆ. Hence nˆ
× wˆ provides a reference for the rotation of the water molecule. For this rotation angle, θ, the angle
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between this second axis (nˆ × wˆ) and the vector that points from one hydrogen atom to the other
(hˆ) was used (Figure 15b). In summary, η, the angle between wˆ and nˆ, and θ, the angle between
nˆ × wˆ and hˆ, are calculated, and binned to create two dimensional histograms (Figure 15c) that
describe the orientation of water molecules around the side chain of each conformation.
Figure 15: Definition of water orientation angles η and θ. Two angles, which describe the orientation
of a water molecule in the hydration layer surrounding the side chain of the guest residues, are: (a)
η, the angle between the normal to the SAS of the peptide, nˆ, and the symmetry axis of the water
molecule, wˆ, (b) θ, the angle of rotation of a water molecule around wˆ as measured from the vector
nˆ × wˆ, which lies on the base plane of the cone traced by two hydrogens of the water molecule
rotating around wˆ and is parallel to the local SAS of the peptide. (c) The water orientation plot
for the central A in AAA in the pPII conformation. Regions A, B, and C are outlined alongside the
respective water orientations relative to the normal to the SAS of the peptide, nˆ.
The region marked A in Figure 15c represents water molecules for which wˆ makes a 90◦ angle
with nˆ, and whose hydrogen axis, hˆ, is parallel to the surface. In other words, the plane of the
water molecule defined by the positions of its three atoms is parallel to the protein surface for this
orientation. The ridge starting around (90◦ , 0◦), marked region A, and continuing up to (60◦ , 90◦),
region B, represents water molecules which have at least one covalent bond parallel to the protein
surface, while the second covalent bond can either be parallel or point away from the surface of the
protein. For the region marked C, the water molecules have one covalent bond pointing in towards
the protein with the hydrogen atom adjacent to the surface (120◦, 90◦).
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Radial Distribution Functions
To study the densities of the water hydration shell near the backbone functional groups, the
radial distribution functions of the backbone carbonyl oxygen (gCO−H(r)) and the backbone amide
hydrogen (gNH−O(r)) of the central residue were calculated in relation to the water hydrogens and
oxygens, respectively, using the algorithms implemented [112] within the Visual Molecular Dynamics
(VMD) software package [84]. The radial distances for which the radial distribution functions were
calculated ranged between 0 and 10 A˚ with a 0.05 A˚ step size. These calculations were performed
on the pPII and β ensembles separately. The differences between the pPII and β radial distribution
functions (∆g(r)) were also calculated, and later integrated in the form
δ =
∫ rC
0
ρ 4pir2 ∆g(r) dr ,
where ρ is the average density of the system, and rC = 2A˚. This upper limit value for the integral
allows us the calculate the number density differences of the first hydration shell between the pPII
and β-strand conformations.
The pPII to β-strand differences of the two radial distributions functions are referred to as δCO−H
and δNH−O from here on. These values represent the difference in the number of water H-atoms
around the CO group or water O-atoms around the NH group between the pPII and β-strand
conformations for the first hydration shell, and thus represent measures of solvation differences
between the two conformational ensembles.
Water-Peptide Hydrogen Bond Histograms
The number of water-peptide hydrogen bonds were calculated for each conformation in the pPII
and β-strand ensembles using VMD. The water-peptide hydrogen bond counts were then binned with
integer intervals, and the distributions of the pPII and β ensembles were analyzed to see whether
they were statistically correlated using the Mann-Whitney U test [123].
P-value Calculations Using the Mann-Whitney U Test
The Mann-Whitney U test is a non-parametric test of whether two samples belong to the same
population. It is especially designed to test whether one particular distribution tends towards larger
values than another. This test is quite robust as it does not necessitate normal distributions, while it
is still functionally comparable to the t-test for normal distributions [123]. This test will be used on
water-peptide hydrogen bond distributions, one dimensional water orientation angle distributions,
and free energy landscape coordinate distributions throughout the rest of this thesis.
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Figure 16: pPII propensities of AAA, GAG (A in image), AdP, and 12 GxG peptides (x = L,
I, V, F, Y, K, R, D, S, C, M, N) as derived from the work of Schweitzer-Stenner and colleagues
[164, 70, 69, 166, 158, 195].
3..2.4 Results: Intrinsic Conformational Propensities of Amino Acid Residues
To study the conformational propensities reproduced by MD simulations, Ramachandran plots were
prepared for AAA, AdP, and the 15 GxG peptides (see Figure 17 for TIP3P and Appendix A
Figure 55 for SPC/E). The propensities of the pPII, β and helical conformations were calculated
using the boundaries described in Section 3.2.3. The fraction of conformations that fall into each
region can be seen in Table 3..2.4 alongside the experimental propensities[195, 70, 158, 164]. The
Ramachandran plots (Fig. 17) reveal residue-specific profiles for which the sampled space is highly
restricted, deviating from the unspecific and broad distributions predicted by the random coil model.
However, there are large discrepancies between the MD-derived and experimental conformational
propensities as can be seen in Table 3..2.4.
The pPII content is generally underestimated by both water models with the exceptions of L
and D in TIP3P simulations, and L, I, V, D, and N in SPC/E simulations. The β fractions are
overestimated by both water models with the exceptions of AdP and GIG which are slightly under-
estimated, and GNG for which the β content is comparable to experiments in the case of SPC/E.
Helical propensities, slightly lower in SPC/E than in TIP3P, are overexpressed for most peptides in
both water models, an issue that has been pointed out previously in a wide range of MD studies
[61, 52, 226, 20, 62]. For a qualitative analysis of how MD-derived and experimental compare, a set of
regression analyses was performed for the 15 GxG peptides, AAA, and AdP (Fig. 18). Neither water
model revealed significant correlations to experimental propensities. While TIP3P correlations were
slightly better than those of SPC/E, SPC/E yielded larger pPII propensities than TIP3P for most
residues excluding the aromatic class. Finally, possible correlations between the propensities pro-
duced by the two sets of simulation protocols were tested, yielding strong correlations both for pPII
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Figure 17: Ramachandran plots of tripeptides from OPLS-AA/TIP3P simulations. 2D histograms
of the dihedral angles of AAA, AdP, and the 15 GxG peptides with x = A, L, I, V, F, W, Y, K, R,
D, S, C, M, N, Q, obtained from MD simulations using the OPLS-AA force field and TIP3P water
model.
and β propensities with p < 10−5. Furthermore, the pPII and β propensities were higher for SPC/E
as can be deduced from the corresponding regression slopes that are larger 1 with y-intersects near
0, suggesting that while the force field is the determining factor for relative propensities between
residues, the water model details have a global effect on conformational preferences.
3..2.5 Results: Water Orientation Plots And Backbone Hydration
The shortcomings of MD simulations concerning the representation of the unfolded states of proteins
are well known [61, 62, 82, 20, 104, 213, 21, 119, 135, 37, 90, 228]. However, molecular dynamics
simulations can still provide us with relevant information on the structure and dynamics of the
peptide-solvent interactions which are not accessible experimentally. In this section, an analysis of
the orientation of water molecules in the first hydration layer in reference to the side chain solvent
accessible surface (SAS) is presented, in addition to the water density profiles of the functional
groups of the central residues. For each analysis, the trajectories have been separated into pPII
and β ensembles according to the conformation of the central residue. The analysis of OPLS-AA–
TIP3P simulations are presented in this chapter in Figures 19–24 , while the same analysis for
OPLS-AA–SPC/E can be seen in Appendix A, Figures 56–61.
1) Alanine
Alanine is unique among the naturally occurring amino acids due to its strong bias for the
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Table 7: Experimental and MD-derived conformational propensities of guest residues in AAA, AdP,
and GXG peptides. MD propensities were derived from the Ramachandran plots for TIP3P and
SPC/E, respectively, using the following (Φ, Ψ) boundaries for (i) pPII: (-125◦ < Φ < -30◦, 100◦
< Ψ < 180◦ and -180◦ < Ψ < -160◦), (ii) helix: (-125◦ < Φ < -30◦, -75◦ < Ψ < -10◦), and (iii) β:
(-180◦ < Φ < -125◦, 100◦ < Ψ < 180◦ and -180◦ < Ψ < -160◦).
Experimental TIP3P SPC/E
Protein pPII β Helical Total pPII β Helical Total pPII β Helical Total
AAA 89 4 4 97 54 11 22 87 66 11 15 92
GAG 84 6 3 93 45 13 24 82 55 14 18 87
AdP 78 16 6 100 43 12 23 78 50 12 21 83
GLG 62 2 2 66 62 8 21 91 72 9 12 93
GIG 54 13 15 82 51 11 23 85 63 12 15 90
GVG 50 15 4 69 44 18 20 82 50 17 17 84
GFG 72 13 5 90 45 27 11 83 35 30 11 76
GWG 39 31 13 83 32 31 15 78
GYG 64 5 10 79 36 22 10 68 37 29 9 75
GKG 78 13 9 100 33 26 15 74 38 23 14 75
GRG 68 5 8 81 55 14 18 87 60 14 15 89
GDG 36 15 7 58 38 23 14 75 48 29 7 84
GSG 64 3 7 74 24 26 15 65 32 27 14 73
GCG 40 4 10 54 20 27 11 58 27 30 10 67
GMG 79 13 0 92 50 18 15 83 56 16 14 86
GNG 54 18 3 75 49 22 13 84 57 18 15 90
GQG 53 15 19 87 54 17 16 87
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Figure 18: Regression analyses of TIP3P-derived, SPC/E-derived, and experimental conformational
propensities. The regression analysis between TIP3P-derived (a) pPII and (b) β propensities and the
corresponding experimental propensities yield correlation coefficients of R = 0.332 and R = 0.165
for pPII and β, respectively. The regression analysis between SPC/E-derived (c) pPII and (d) β
propensities and the respective experimental values yields R = 0.240 and R = 0.013 for pPII and
β, respectively. The regression analysis between TIP3P- and SPC/E-derived (e) pPII and (f) β
propensities results in R = 0.890 (p < 10−5) and R = 0.934 (p < 10−7) for pPII and β, respectively.
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Figure 19: TIP3P-derived hydration properties of AAA, GAG, and AdP. (a) Water orientation plots
showing distributions of η and θ angles of water surrounding the side chain of (central) A in pPII
(top) and β (bottom) conformations. (b) Radial distribution functions of water around the CO
(top) and NH (bottom) groups of guest A in pPII conformations (black curves), β (red curves)
conformations, and the corresponding pPII to β differences (green curves).
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pPII conformation as mentioned earlier. It is one of the smallest amino acid residues, since it has
only a single methyl group as its side chain. Hence, it is also hydrophobic and electrostatically
neutral. To study how the solvation structure is affected by the peptide termini, and how this in
turn is connected to the conformational preferences of the central alanine residue, AAA, GAG, and
AdP were simulated using the previously described methods. In this group of peptides, AAA has
the largest pPII propensity (0.89), followed by GAG (0.84), and AdP (0.78). The analysis of the
hydration structure of the pPII and β ensembles of the central alanine residues of each peptide are
described herein.
The water orientation plots for the pPII (top row) and the β (bottom row) conformations of
these three alanine peptides can be seen in Figures 19a (TIP3P) and 56a (SPC/E). The semi-
circular region, previously referred to as region A in Figure 15c, is the water orientation most
frequently sampled for the pPII ensemble. Upon switching to the β conformation, there is a shift
towards region C, which represents water molecules with one covalent O-H bond pointing towards
the SAS as defined in Figure 15c, resulting in a more heterogeneous distribution. This is especially
true in the case of AAA and GAG. To test the significance of the differences observed in the water
orientation plots for the pPII and β conformations, the Mann-Whitney U test [123] was used on the
one-dimensional distributions of the η and θ angles. These distributions can be seen in Figures 62
and 63 for the TIP3P simulations, and in Figures 64 and 65 for the SPCE simulations. In the case of
AAA and AdP, both the η and the θ distributions showed significant differences with p < 0.05, while
for AdP only the η distributions were distinct. The more heterogeneous distributions observed for
the β state hence suggest that the water orientation entropy of the β ensemble is larger than that
of the pPII state. This result is in agreement with the entropic stabilization of the β state observed
in experiments [195].
Next, to understand how the solvation of the backbone functional groups depend on conformation,
the radial distribution functions between the backbone CO group and water hydrogens (gCO−H(r)),
and between the backbone NH group and the water oxygens (gNH−O(r)) were calculated. In Figure
19b, the gCO−H(r) profiles of the pPII (black curves) and β (red curves) ensembles from the TIP3P
simulations can be seen in the top row, while the gNH−O(r) profiles are presented in the bottom row
in the same format. The same information for the SPC/E simulations can be found in Figure 56b
in Appendix A. The water density profiles reveal that the hydration of the backbone is significantly
increased upon adopting the pPII conformation. To further clarify this point, the differences of
the pPII and β radial distribution functions, ∆g(r), were calculated (green curves), in addition to
the integral values, δCO−H > 0 and δNH−O > 0, which can be seen in Tables 8 (TIP3P) and 14
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(SPC/E).
2) Aliphatic amino acids
Out of the 15 amino acids simulated as the guest residues of GxG peptides, four were aliphatic
(x = A, L, I, V). Within the group of aliphatic residues, A has the smallest side chain volume with
a methyl group as its Cβ group, followed by V with its branched structure of two methyl groups. L
and I have the largest side chain volumes in this class of residues, and present an interesting point
of comparison since they have the same atomic make-up, but differ in structure. L is branched at
the γ carbon and has two methyl groups at this position, whereas I is branched at the β carbon
with an F-shaped structure that has two methyl groups separated by the Cβ and Cγ groups. The
aliphatic residues are hydrophobic in the order A < V < L ∼ I [105, 216, 147, 85, 153]. The
experimental pPII propensities of this group result in a ranking of A > L > I > V (0.84, 0.62,
0.54, 0.50). In comparison, the MD simulations give a pPII ranking of L > I > A > V (0.62-0.72,
0.51-0.63, 0.45-0.55, 0.44-0.50, for TIP3P-SPC/E, respectively). Hence, hydrophobicity alone does
not explain the conformational preferences of aliphatic residues.
The first striking feature of the water orientation profiles is that in switching from pPII to β
conformations, an increase in the population of water orientations in region C for all three peptides
can be seen (Figures 20a and 57a), quite similar to AAA and GAG. The result of the Mann-
Whitney U test on the pPII and β ensemble distributions of the two water orientation angles reveal
statistically significant differences in at least one angle for all three residues with both water models
(Figures 62-65). With both water models, L shows significant differences between the pPII and β
ensembles for the η distributions, but not for the θ distributions. On the other hand, I and V reveal
significant differences for both water orientation angles in SPC/E simulations, while with TIP3P
each residue results in distinct distributions only for a single angle (η for V, and θ for L). Thus the
water orientation distributions of the pPII and β ensembles are distinct for all aliphatic amino acids.
The analysis of the radial distribution functions of gCO−H(r) and gNH−O(r) can be seen in
Figures 20b and 57b, for TIP3P and SPC/E, respectively. Similarly to the alanine peptides of the
previous section, in the pPII conformation both of the backbone functional groups show increased
water densities compared to the β conformation. The corresponding integrals, δCO−H and δNH−O,
of each ∆g(r) function can be seen in Tables 8 (TIP3P) and 14 (SPC/E). It is worth noting that for
both water models while the δNH−O value is larger than the δCO−H value for L, the opposite is true
for I and V. In addition, the variation in the δCO−H values (0.11, 0.12, 0.14 for L, I, V, respectively,
in TIP3P) among the three peptides is significantly more limited than the variation observed in the
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Figure 20: TIP3P-derived hydration properties of GLG, GIG, and GVG. (a) Water orientation plots
showing distributions of η and θ angles of water surrounding the side chain of non-alanine aliphatic
guest residues L, I, V in pPII (top) and β (bottom) conformations. (b) Radial distribution functions
of water around the CO (top) and NH (bottom) groups of L, I, V in pPII conformations (black
curves), β (red curves) conformations, and the corresponding pPII to β differences (green curves).
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δNH−O values (0.17, 0.10, 0.05). The differences between the hydrations of L, and V and I with their
branched side chains, may be the reason behind the differences observed between the enthalpies and
entropies of their corresponding pPII ↔ β equilibria, since water forms stronger HBs with the CO
than with the NH group, such that the pPII to β hydration difference around the CO group would
cause a larger enthalpy change, consistent with experimental observations [195].
3) Aromatic amino acids
In the aromatic amino acid group studied (F, W, and Y), F is the most hydrophobic residue,
followed by W and Y (F > W > Y ) [105, 216, 147, 85, 153]. All three residues have aromatic rings,
yet differ structurally. While F and Y have very similar side chains made up of a single benzyl ring,
Y includes an additional hydroxyl group in place of a hydrogen on its benzyl ring. The W side chain,
on the other hand, has an indole structure, which sets it apart from F and Y, making it the largest
side chain of this group of residues. F and Y have been shown to have distinct pPII propensities
(0.72 and 0.64, respectively) despite the similarities of their structures and size. As for W, although
the experimental data on its pPII propensity is lacking, the available 1H NMR data suggests that
its conformational distributions are similar to that of F [195]. While the propensities obtained from
simulations shows that both water models greatly underestimate the pPII propensities of F and
Y, TIP3P (0.45 and 0.36, respectively) presents a better correlation than SPC/E (0.35 and 0.37,
respectively) as can be seen in Table 3..2.4.
The water orientation plots of the pPII ensembles (top row) in Figures 21a and 58a are domi-
nated by water orientations which are parallel to the SAS of the side chain. In switching to the β
conformation (bottom row), a significant increase in the population of region C is observed. Similarly
to the results of the aliphatic residues, the water orientation distributions are more heterogeneous
in the case of the β ensembles. Region C is most pronounced in the case of Y, followed by W and
F. The Mann-Whitney U test as applied to the distributions of the water orientation angles of the
pPII and β ensembles reveal statistically significant differences for all three aromatic residues with
the exception of the SPC/E-derived θ distributions of W.
The radial distribution functions, gCO−H(r) and gNH−O(r), of Figures 21b and 58b reveal profiles
similar to the previously discussed GxG peptides. The water densities near the backbone functional
groups of the pPII ensemble (black curves) surpass that of the β (red curves) ensembles as can be
seen in their consistently positive differences (green curves). This is further supported by the integral
values of ∆g(r), δCO−H and δNH−O, which are both larger than 0 (Tables 8 and 14). In terms of
the hydration differences between the CO and NH groups, for the aromatic class the δNH−O values
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Figure 21: TIP3P-derived hydration properties of GFG, GWG, and GYG. (a) Water orientation
plots showing distributions of η and θ angles of water surrounding the side chain of aromatic guest
residues F, W, Y in pPII (top) and β (bottom) conformations. (b) Radial distribution functions
of water around the CO (top) and NH (bottom) groups of F, W, Y in pPII conformations (black
curves), β (red curves) conformations, and the corresponding pPII to β differences (green curves).
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are larger than the δCO−H values except in the case of W in SPC/E (Table 14) for which δNH−O
(0.19) and δCO−H (0.20) are similar.
4) Charged amino acids
Three charged amino acids, K and R which are positively charged, and D which is negatively
charged at neutral pH, were also studied. Since the experimental data for the GxG peptides were
obtained at low pH, the protonated form of D in which the carbonyl Cγ group is replaced by
a carboxyl group was used in simulations. All residues in this group are polar, hydrophilic and
capable of hydrogen bonding [105, 216, 147, 85, 153]. Due to its make-up and size, the K side chain
has hydrocarbon-like characteristics. While R has a side chain length similar to that of K, the side
chain of R is more complex than the charged NH3 group of the K side chain. D, on the other hand,
is much smaller than both K and R. Experimental results show that K has one of the highest pPII
propensities (0.78) among the GxG residues presented in this study, as can be seen in Table 3..2.4.
Within the group presented in this section, it is followed by R with a pPII propensity of 0.68, and
D with 0.36.
This group presents significantly different water orientation profiles compared to the other ex-
amples referred to in this study. For both K and R, the distributions are shifted from region A
towards (η = 0◦, θ ≈ 0◦), signifying an increase in the population of water orientations for which
the oxygen atoms are near the SAS while the hydrogen atoms point away from it. Hence, compared
to the aliphatic and aromatic classes, the population of water orientations in region A is greatly
diminished. This effect is more pronounced in the case of R, most likely due to the butyl side chain
group of K which is more hydrophobic than the side chain of R. For the pPII ensembles of the two
positively charged residues, region C of the water orientation distributions is weakly occupied, and
a slight increase is observed for this region when switching to the β conformation as in the aliphatic
and aromatic amino acid classes. The water orientation profiles of D are quite different from the
residues so far discussed. The predominant water orientation near the SAS of the D side chain cor-
responds to region C in the water orientation plots. This region represents water molecules which
have an O-H bond pointing in towards the SAS, meaning one hydrogen atom of the water molecules
in this orientation is adjacent to the side chain. The highly restricted nature of the water orientation
plots of D is not surprising, as the D side chain can act as the proton acceptors in hydrogen bonds
and does not have the attenuating effects of the hydrophobic regions of the longer side chains of K
and R. In addition, increased populations in region C are observed also for the β ensemble of D. The
results of the Mann-Whitney U tests of the pPII and β ensembles of the 1D η and θ distributions, as
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Figure 22: TIP3P-derived hydration properties of GKG, GRG, and GDG. (a) Water orientation
plots showing distributions of η and θ angles of water surrounding the side chain of guest residues
K, R, D in pPII (top) and β (bottom) conformations. (b) Radial distribution functions of water
around the CO (top) and NH (bottom) groups of K, R, D in pPII conformations (black curves), β
(red curves) conformations, and the corresponding pPII to β differences (green curves).
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seen in Figures 62-63 (TIP3P) and 65-65 (SPC/E), reveal significant differences for all three charged
amino acids except in the case of the θ distributions of R with the TIP3P water model.
The radial distribution functions of the charged GxG peptides can be seen in Figures 22b and
59b. For both the carbonyl oxygen and the amide hydrogen, a decrease in water density is observed
moving from the pPII state to the β state, however this effect is much more pronounced for the
amide hydrogen. The integral values of ∆g(r) show that δCO−H < δNH−O for all three peptides
with both water models, suggesting that the NH group is associated with larger hydration differences
between the pPII and β conformations than the CO group.
5) Hydroxyl and sulfur-containing amino acids
S, C, and M have been grouped together as the hydroxyl or sulfur-containing amino acid residues.
S, a hydrophilic residue, has a small side chain with a hydroxyl group. C is structurally very similar
to S, the only difference being a sulfur atom in place of the oxygen of the hydroxyl group in S,
rendering C hydrophobic. Like C, M is also a sulfur-containing residue, albeit larger in size. M, in
its non-oxidized form, is hydrophobic like C [105, 216, 147, 85, 153]. M yields the second highest
pPII content (0.79), after A, among the GxG peptides presented in this study, followed by S (0.54)
and C (0.40) within this group. While both water models underestimate the pPII propensities of
these three residues, they nonetheless result in the correct pPII propensity ranking of M > S > C
within the limits of this group as can be seen in Table 3..2.4.
The water orientation plots shown in Figures 23a and 60a reveal that as per all previous classes
of amino acids mentioned earlier, there is an increase in the water orientation populations occupying
region C of the distributions when the peptide transitions from the pPII to the β conformation.
In addition, the water orientation profiles of S are reminiscent of those for D, which is a result
of hydrogen bond formation between the hydroxyl oxygen of the side chain of S and the solvent.
The two sulfur-containing residues, C and M, on the other hand, are similar to other hydrophobic
residues in regards to their water orientation distributions. The Mann-Whitney U tests reveal
distinct distributions for both water orientation angles, η and θ, for both TIP3P and SPC/E (Figures
62-65).
The radial distribution functions of this group of residues can be seen in Figures 23b and 60b. For
both the CO and the NH groups of the central residues, the pPII conformation results in increased
water densities, as can be seen in the differences of the pPII and β ensembles (green curve). This is
further corroborated by the positive δCO−H and δNH−O values observed for all three peptides and
both water models (Tables 8 and 14) . The NH group reveals larger differences in hydration than
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Figure 23: TIP3P-derived hydration properties of GSG, GCG, and GMG. (a) Water orientation
plots showing distributions of η and θ angles of water surrounding the side chain of guest residues
S, C, M in pPII (top) and β (bottom) conformations. (b) Radial distribution functions of water
around the CO (top) and NH (bottom) groups of S, C, M in pPII conformations (black curves), β
(red curves) conformations, and the corresponding pPII to β differences (green curves).
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the CO group with the exception for C with the SPC/E water model.
6) Polar Amino Acids
For the final class of polar amino acids, the conformational properties of N and Q, which are
similarly hydrophilic [105, 216, 147, 85, 153], were studied. N and Q are both polar amides with
very similar linear side chains. However Q is slightly larger than N, due to an additional Cγ group.
These residues are uncharged, and do not ionize. The side chains of N and Q are capable of hydrogen
bonding both as proton acceptors and donors due to the existence of the side chain C(O)NH2 groups.
Experimental data on the conformational propensities of this group is available only for N, which
has a pPII propensity of 0.54. With TIP3P, this propensity is somewhat underestimated (0.49),
while SPC/E yields slightly larger propensities (0.57) than experiments.
The water orientation plots of the polar residues in Figues 24a and 61a are reminiscent of S.
Region C, which corresponds to water orientations with the covalent O-H bond of water pointing in
towards the SAS, is the most sampled. The increase of the population in this region in switching
to the β conformation from the pPII conformation observed in previously described peptide groups
can also be seen for the polar residues. But in addition to this, the populations in region A extend
towards (η = 0, θ ≈ 0) as in the positively charged residues, which is not surprising since the side
chains of the polar amides are capable not only of acting as proton acceptors (O), but also as donors
due to their NH2 groups. Region A can be expected to be more populated for Q than for N, since
the side chain of Q has an additional carbon group, which enlarges the hydrophobic SAS of its side
chain, and indeed, this is the case. The Mann-Whitney U test reveals significant differences between
the pPII and β ensembles of both η and θ with both water models (Figures 62-65).
The differences in water densities around the CO and NH groups of the backbones are again
positive for both water models (Figures 24b and 61b). This effect is more pronounced in the SPC/E
water model. The δCO−H and δNH−O values further corroborate this observation (Tables 8 and 14).
The δNH−O values are larger than the δCO−H values except in the case of Q in the TIP3P water
model.
3..2.6 Results: Increased Hydration of pPII Ensembles Correlates With Experimental
But Not Computational pPII Propensities
The analysis of the hydration of the backbone presented in the previous section reveal an increase
in the water densities near the functional groups CO and NH when a residue switches to the pPII
conformation from the β conformation. This result suggests the possibility that the pPII and β
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Figure 24: TIP3P-derived hydration properties of GNG, and GQG. (a) Water orientation plots
showing distributions of η and θ angles of water surrounding the side chain of guest residues S, C, M
in pPII (top) and β (bottom) conformations. (b) Radial distribution functions of water around the
CO (top) and NH (bottom) groups of S, C, M in pPII conformations (black curves), β (red curves)
conformations, and the corresponding pPII to β differences (green curves).
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Table 8: TIP3P-derived quantities that measure hydration differences between the pPII and β
ensembles for each guest residue.
δ =
∫ rC
0
∆g(r)dr Number of water-peptide HBs
Peptide δCO−H δNH−O 〈npPII〉 〈nβ〉 ∆n p-value
AAA 0.10 0.20 3.41± 0.03 3.06± 0.07 0.35 10−5
GAG 0.17 0.21 3.14± 0.04 2.77± 0.06 0.37 10−6
AdP 0.13 0.12 0.66± 0.02 0.49± 0.03 0.17 10−5
GLG 0.11 0.17 3.13± 0.03 2.97± 0.08 0.16 0.06
GIG 0.12 0.10 3.03± 0.03 2.84± 0.07 0.19 0.05
GVG 0.14 0.05 3.04± 0.04 2.89± 0.05 0.15 0.05
GFG 0.12 0.24 3.30± 0.04 2.83± 0.04 0.47 0
GWG 0.13 0.19 3.40± 0.04 3.18± 0.04 0.22 0.001
GYG 0.12 0.23 4.03± 0.05 3.80± 0.05 0.23 0.01
GKG 0.12 0.18 4.17± 0.05 3.90± 0.05 0.27 0.001
GRG 0.12 0.23 4.83± 0.05 4.38± 0.08 0.45 10−5
GDG 0.12 0.22 3.69± 0.05 3.52± 0.06 0.17 0.05
GSG 0.12 0.18 3.74± 0.06 3.56± 0.05 0.18 0.05
GCG 0.10 0.12 3.06± 0.05 2.77± 0.04 0.29 10−4
GMG 0.15 0.23 3.16± 0.04 2.74± 0.05 0.42 10−9
GNG 0.12 0.21 3.70 ± 0.04 3.53 ± 0.06 0.17 0.05
GQG 0.13 0.12 3.94 ± 0.04 3.61 ± 0.07 0.33 0.001
conformations might be distinct also in regards to water-peptide hydrogen bonding dynamics. To
test this hypothesis, the probability distributions of the number of water-peptide HBs for the pPII
and β ensembles for all seventeen peptides were calculated, and the Mann-Whitney U test was used
to obtain the corresponding p-values. The average number of water-peptide HBs, 〈npPII〉 and 〈nβ〉,
were also calculated, alongside their difference, ∆n = 〈npPII〉 − 〈nβ〉. These results can be seen
in Tables 8 and 14 for the TIP3P and SPC/E water models, respectively. Similarly to the δCO−H
and δNH−O values, ∆n values for all seventeen peptides are consistently positive for both water
models. Furthermore, the pPII and β distributions reveal statistically significant differences with
p < 0.05 for all peptides, except in the case of L in TIP3P with p = 0.06 which is nonetheless small,
and in the case of C in SPC/E with p = 0.19 but still with ∆n > 0. Hence, the pPII conformation
allows for a larger number of water-peptide HBs to form, providing further evidence for the enthalpic
stabilization of the pPII conformation. This conclusion differs from the results of the DFT study
of AdP with 13 explicit water molecules [107] and MD studies of polyalanine [126], which proposed
that the enthalpic free energy contribution due to water bridges stabilizes the β over the pPII state.
To clarify the effects of the two water models on the hydration differences observed between the
pPII and β conformations, regression analyses of the TIP3P- and SPC/E-derived δCO−H , δNH−O,
and ∆n values were performed . For the δCO−H values, there was no correlation between the two
water model results. On the other hand, the δNH−O values were strongly correlated with R = 0.81
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and p < 10−4. Similarly, the TIP3P- and SPC/E-derived ∆n values revealed significant correlations
with R = 0.51 and p = 0.038. These results suggest that the hydration of the NH group and water-
peptide hydrogen bond formation (which naturally is related to the hydration of the NH group) are
to a great extent independent from the water model, likely determined by the geometry of the side
chain or the particularities of the force field. Next, to test whether the TIP3P- and SPC/E-derived
δCO−H , δNH−O, and ∆n values were indicative of the corresponding pPII propensities produced
by the MD simulations, a series of linear regression analyses was performed yielding no relevant
correlations. The p-values calculated were consistently larger than 0.1. This suggests that with
the force field and water model combination presented in this study, pPII conformations are not
adequately stabilized by the differences observed in the hydration of the guest residue backbone or
the number of water-peptide HBs between the pPII and β conformations. To study the possibility of
a correlation more thoroughly, quadratic relationships between the δCO−H , δNH−O, and ∆n values,
and the MD-derived pPII propensities was explored, and significant correlations were found for the
cases of δCO−H with both water models, and δNH−O with the SPC/E water model with R > 0.55
and p < 0.05. However it is worth noting that the correlations observed are counter-intuitive, with
the fits suggesting that there is first an increase in the pPII propensities with increasing δ values,
followed by a decrease in pPII for further increases in δ values.
Finally, to study the relationship between hydration and pPII preference, potential correlations
between the experimental pPII propensities of the GxG peptides and each of the MD-derived hydra-
tion difference parameters, δCO−H , δNH−O, and ∆n values, were investigated. For the TIP3P water
model, both the δCO−H and the ∆n values correlate with experimental pPII propensities both with
p ≈ 0.029 (blue trend lines in Figures 25a and c, respectively) , while the δNH−O values reveal a
slightly weaker trend with p = 0.096 (blue trend line in Figure 25b). With the SPC/E water model,
the ∆n values correlate with the experimental pPII propensities with p = 0.014 (blue trend lines in
Figure 66c), while the δCO−H and δNH−O values do not. Given D has the lowest pPII propensities
and the highest populations of turn-like conformations [69], it is likely that its conformational pref-
erences do not fit the two-state (pPII ↔ β) approximation as well as the other residues presented
here. Hence, the regression analysis was repeated after excluding D, which happens to be an outlier
in several of the graphs in Figures 25 and 66. With this adjustment, the δCO−H values remained
correlated with pPII propensities, while the previously uncorrelated δNH−O and experimental pPII
propensity values reached p = 0.012 (red trend lines in Figure 25a and b). However, the correlation
between the ∆n values and experimental pPII propensities were slightly diminished (p = 0.053) as
can be seen in Figure 25c (red trend line). As for the SPC/E water model, all three quantities now
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Figure 25: Comparison between TIP3P-derived pPII to β hydration differences and experimental
pPII propensities. The best fit of each of the three TIP3P-derived quantities: (a) δCO−H , (b)
δNH−O, and (c) ∆n to experimental pPII propensities for twelve guest residues X in GXG peptides
results in the following R and p values: (a) R = 0.605 and p = 0.029, (b) R = 0.479 and p = 0.098,
and (c) R = 0.603 and p = 0.029 ((blue lines). When D is excluded from the regression analysis,
the best fit to the data yields: (a) R = 0.642 and p = 0.024, (b) R = 0.694 and p = 0.012, and (c)
R = 0.570 and p = 0.053 (red lines).
correlated with experimental pPII propensities, with p = 0.050, p = 0.020, and p = 0.002 for the
δCO−H , δNH−O, and ∆n values, respectively (red trend lines in Figure 66a, b, and c).
In conclusion, independent of whether D is excluded from the correlations, the TIP3P-derived
hydration quantities (δCO−H , δNH−O, and ∆n) correlate with the experimental pPII propensities,
either as a trend or in a statistically significant way. On the other hand, among the SPC/E-
derived quantities, while only ∆n correlates with experimental pPII propensities when D is included
in the regression analysis, the exclusion of D results in statistically significant correlations for all
three quantities. These results suggest that the increase in the hydration of the functional backbone
groups along with the increase in water-peptide hydrogen bond formation contribute to the enthalpic
stabilization of pPII conformations in water.
3..2.7 Results: Role of the solvent exposure of Cβ hydrogens in pPII stabilization
The water orientation plots in Figures 19-24 and 56-61 reveal a strong preference for water orienta-
tions that are parallel to the SAS of the side chains of hydrophobic residues (region A). Since water
molecules are unable to form HBs with the non-polar side chains, their rotational and translational
freedom is diminished in the process. This is a well-understood phenomenon which limits the entropy
of water molecules near hydrophobic surfaces, and results in the formation of more water-water HBs
to compensate for the loss in entropy. The network of water-water HBs tends to form a cage-like
structure which envelopes the hydrophobic region. The details of such water structures have been
elaborated in several studies which have shown that water molecules near hydrophobic regions form
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Figure 26: Comparison of the SAS area of Cβ hydrogens to (a) experimental pPII propensities and
(b-c) MD-derived pPII to β differences in the backbone NH group hydration. (a) The best fit to the
data that includes all twelve guest residues in GXG, for which the experimental pPII propensities
were reported, as well as guest A in AAA and AdP is shown as a blue dotted line (R = 0.549 and
p = 0.042). The corresponding best fit that excludes D and C is displayed as a red dotted line
(R = 0.807 and p = 0.002). (b) The best fit between TIP3P-derived δNH−O and SAS areas of Cβ
hydrogens for thirteen guest residues in GXG peptides (blue dotted line, R = 0.521 and p = 0.068)
and for the guest residue set that excludes D and C (red dotted line, R = 0.592 and p = 0.055).
(c) The best fit between SPC/E-derived δNH−O and SAS areas of Cβ hydrogens for thirteen guest
residues in GXG peptides (blue dotted line, R = 0.637 and p = 0.019) and for the guest residue set
that excludes D and C (red dotted line, R = 0.703 and p = 0.016).
a local, hydrogen-bonded dodecahedron- or clathrate-like cluster [211, 78, 30, 71, 126, 128]. Further-
more, such clathrate-like structures have also been observed in water molecules which encapsulate
CH4 gas molecules as they form methane clathrate hydrates [182]. The structural similarity of the A
side chain to methane presents an interesting point of comparison. In Figure 27a, the GAG peptide
and the first hydration layer around its side chain can be seen. The solvation layer is made up of
a clathrate-like structure in which water molecules are oriented in parallel to the SAS, and the HB
network wraps around the side chain and is hydrogen-bonded to the backbone functional groups of
A. Such an ordered water structure can easily be perturbed by the existence of side chain groups
near the Cβ atom. An example of this can be seen in Figure 27b, which shows the highly perturbed
water structure near the Cβ group of D in GDG. Here, the water molecules are oriented with one
covalent water O-H bond pointing toward the SAS of the side chain of D. This water orientation is
conducive to the formation of water-water HBs with the outer water layers instead of within the first
hydration layer, and thus cannot aid the stabilization of the clathrate-like water structure. Similar
effects might be observed alco for amino acids with large, branched side chains, which can disturb
the organization of the side chain or block the backbone functional groups from hydrogen bonding
with water molecules.
Combined, the results described herein point towards a common hypothesis, that the intrinsic
63
Figure 27: Characteristic arrangements of water molecules around A and D. (a) Water arrangement
in the hydration shell around the side chain of A in GAG. (b) Water arrangement in the hydration
shell around the side chain of D in GDG.
pPII propensity of an amino acid residue reflects its ability to template and stabilize a clathrate-like
water cluster. The ability of a residue to stabilize a clathrate-like water structure would depend
on whether its side chain is capable of orienting water molecules in parallel to its SAS and on
whether the lifetime of the HB network formed can be extended via backbone hydration. To test
this hypothesis, the correlation between the SAS areas of the Cbeta groups of residues and their
experimental pPII propensities was investigated. When the the SAS areas of each Cbeta group
including the hydrogen atoms are calculated, three distinct clusters are formed of residues with one,
two, or three hydrogen atoms at the Cbeta atom. The corollary of this grouping is the amount of
branching that exist at the Cbeta atom, none for A peptides (three hydrogen atoms), a single branch
(two hydrogen atoms), and two branches (one hydrogen atom). These clusters can be clearly seen
in Figure 26a. This regression analysis resulted in a significant correlation with p = 0.024. However,
there are two residues that appear to be outliers, D and C, which have the lowest pPII propensities
of the residues studied herein. Additionally, both D and C have been reported to have a strong
preference for turn-like conformations[69, 158], and do not share the nearly exact enthalpy-entropy
compensation observed for the remaining guest residues in GxG peptides [195]. Hence a second
regression analysis was performed excluding D and C, resulting in an improvement with the new
correlation yielding p = 0.001. This implies that the SAS area of the Cβ hydrogens correlates with
the ability of guest residues in GxG to stabilize the pPII conformation.
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To test whether there is a correlation between backbone hydration and the SAS area of the Cβ
hydrogens, regression analyses were performed for the SAS area of the Cβ group and each MD-
derived hydration quantity, δCO−H , δNH−O, and ∆n. Results revealed no significant correlations
for the TIP3P- or SPC/E-derived ∆n values, even when D and C were removed and/or quadratic
fits were used (R < 0.361 and p > 0.225). The δCO−H correlations with the Cβ SAS area yielded
similar results in the case of SPC/E simulations (R < 0.313 and p > 0.256). However, the TIP3P-
derived δCO−H revealed a trend when D and C where excluded from the fits, with R = 0.541 and
p = 0.056. When quadratic fits were used, the complete set of GxG peptides yield R = 0.709 and
p = 0.003, while excluding D and C results in R = 0.776 and p = 0.002. On the other hand,
TIP3P- and SPC/E-derived δNH−O values correlate much more strongly with the SAS area of Cβ
hydrogens. For the complete set of GxG peptides, TIP3P-derived δNH−O values yield p = 0.056,
while SPC/E-derived values yield p = 0.012 (Figure 26b and c, blue trend lines). These correlations
are further improved by the exclusion of D and C resulting in p = 0.046 for TIP3P and p = 0.008
for SPC/E.
3..2.8 Discussion
In this study, the role of water hydration in the stabilization of the pPII conformation has been
explored for AAA, AdP and 15 GxG peptides (where x = A, L, I, V, F, W, Y, K, R, D, S, C,
M, N, and Q) using the OPLS-AA force field combined with TIP3P and SPC/E water models.
This study was motivated by the work of Schweitzer-Stenner and colleagues, in which a dynamic
equilibrium between the pPII and β conformations with a near exact enthalpy-entropy compensation
was discovered, with the exceptions of residues D and C. These experimental findings suggest a
common mechanism of pPII ↔ β conformational dynamics [70, 69, 158, 167, 195]. The results
reveal large discrepancies between MD-derived and experimental conformational propensities. The
pPII content of most residues are underestimated in MD, suggesting either the force field, or the
water model, or both are lack an accurate description of conformational dynamics.
It is well known that the molecular dynamics force fields that are available today have many
shortcomings in regards to the representation of the intrinsic conformational propensities of amino
acids. However, such simulations still hold the potential of revealing structural and dynamic insights
in regards to protein-water interactions. To focus on the hydration properties of different conforma-
tional states, the simulation trajectories were separated into pPII and β ensembles according to the
conformation adopted by the central residue of the GxG peptides, and a rigorous structural analysis
of the first hydration layer of the side chain of the central residue was conducted. To study the
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orientations of water molecules near the side chain surface, two angles, η and θ, were introduced,
and defined with respect to the solvent accessible surface of the peptide. The two dimensional dis-
tributions of these angles have been presented for each peptide. A detailed statistical analysis on
the distributions of each angle have been provided, which revealed that for each amino acid residue
under study, at least one of the angle distributions presented statistically significant differences be-
tween the pPII and β distributions. For most residues, water molecules had a strong preference for
orientations that are parallel to the peptide surface in the pPII state, as can be seen in the domi-
nance of the ridge extending from region A to region B in most water orientation plots presented.
On the other hand, the water orientation plots of the β ensembles were shifted towards region C, in
which the water molecules orient themselves such that one covalent O-H bond is pointing towards
the peptide (with the hydrogen atom adjacent to the surface). The water orientations around D,
S, and N, which are hydrophilic residues prone to turn formations, are occupied predominantly in
region C. Despite this fact, the difference between their pPII and β ensembles remain significant.
These findings are consistent with experimental data that shows that the pPII state is enthalpically
stabilized, while the β state is entropically favored [195].
Next, the hydration of the functional groups of the central residues in each system for the pPII
and β ensembles have been discussed. Of the two conformational states studied, the β state is the
more extended one. Hence, one might expect to see that the β conformations are also the more
hydrated conformations. But despite this structural distinction, for every residue in this study, the
pPII ensembles are more hydrated than their corresponding β ensembles. This information was
teased out of the differences between the radial distribution functions of the functional groups and
water molecules of the pPII and β ensembles, which revealed that the δNH−O and δCO−H values
were consistently positive. To gain further insight into the water-peptide interactions involved in
the pPII↔ β transitions, the distributions of the water-peptide hydrogen bonds formed by the each
GxG protein were calculated. This analysis was concluded by the calculation of the p-values of the
distributions of the two ensembles and the difference of their means (∆n). This final value was also
consistently positive. Even more interesting was that all three difference measurements provided
in this study, δNH−O, δCO−H , and ∆n, correlate with the experimental pPII propensities of the
residues, but not with the MD-derived propensities, highlighting the importance of hydration in
pPII stabilization.
In an attempt to understand how the structures of the side chains are related to the increase in
hydration observed when going from β to pPII ensembles, regression analyses of the solvent accessible
surface areas of the Cβ groups (including the hydrogens at this position) to the experimental pPII
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propensities and the δNH−O, δCO−H , and ∆n values were performed. The SAS area of the Cβ group
is strongly correlated with both the experimental pPII propensities and with δNH−O in both water
models. When D and C, which have been shown to deviate from the pPII ↔ β two-state model,
are removed from the analysis, these correlations become even more pronounced. Hence it can be
stated that the backbone solvation influences the side chain solvation, and the side chain structure
influences the backbone solvation, a phenomenon referred to as conditional solvation [11].
The conditional solvation reflected in the correlation of the SAS area of the Cβ groups and the
δNH−O values calculated for each guest residue informs our final hypothesis regarding the role of
water in the pPII ↔ β conformational dynamics. These results suggest that the pPII propensity of
a residue stems from the ability of its side chain to behave as a template for a local, clathrate-like
water cluster that is further scaffolded by the formation of peptide-solvent hydrogen bonds at the NH
group. This hypothesis is supported further by the water orientation plots which show that water
molecules in the pPII state prefer to have at least one covalent O-H bond parallel to the SAS, forming
a water-water hydrogen bond network wrapped around the side chain of the residue. Furthermore,
a range of studies have shown that the dodecahedron- or clathrate-like water clusters represent
a global energy minimum for pure protonated water [80, 124, 103], and have also been observed
in naturally occurring methane clathrate hydrates, compounds consisting of water molecules that
are hydrogen-bonded together like ice encapsulating CH4 gas molecules [182]. This water-centric
hypothesis accounts for the enthalpic stabilization of the pPII state, and the entropically favored
β state, which is associated with increased disorder in the hydration shell. This interpretation also
explains the uniquely high pPII propensities of alanine with its small side chain (which does not
block the NH group) comprised of three solvent exposed Cβ hydrogens, in addition to the low pPII
propensities of aspartic acid and the brached aliphatic side chains, since the water organization can
be distrubed by the blocking of the NH group with large side chains or by the significant changes
to water organization due to strong side chain charges.
The conclusions of this study are also consistent with experiments which show a complete sup-
pression of the pPII state in AAA in the organic solvents such as DMSO [51], and the reduction of
the pPII content of residues in water-alcohol mixtures [191]. Here, it is worth mentioning two earlier
MD studies, that might, at first, seem to contradict a water-centric perspective on pPII stabilization.
First, in an MD study, in which the dihedral angle potential terms for rotations around the Φ and Ψ
angles were set to zero, Gnanakaran and Garcia achieved a significant increase in PPII propensities
of alanine based peptides [61]. Second, through a modification of the dihedral potentials of the
force field, the pPII propensities of short peptides was increased [135]. In both studies, the dihedral
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potentials were changed such that the flexibility of the backbone was increased, which can allow for
water interactions to become more prominent compared to the force field, meaning forming a stable
clathrate-like structure becomes more favourable energetically. This study demonstrates a corollary
to this: the SPC/E water model, which predicts higher pPII propensities than TIP3P, is known for
better bulk dynamics and structure than TIP3P. [208, 207]. With improved force field and water
models which can better account for the intrinsic propensities of residues and the energetics of water
as a solvent, MD simulations can reproduce the experimentally observed conformational preferences
of amino acids and the unfolded state.
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4. DISCRETE MOLECULAR DYNAMICS STUDY OF
OLIGOMER FORMATION BY N-TERMINALLY
TRUNCATED AMYLOID β-PROTEIN
Reproduced in part from reference [125].
4..1 Introduction
The strengths of the discrete molecular dynamics approach, as discussed in earlier chapters, makes
it an excellent method in the study of early assembly events of proteins involved in amyloidogenic
diseases. This section will focus on a group of amyloid β-proteins, Aβ11−40/42, and Aβ3−40/42,
which have been N-terminally truncated at two glutamic acid residue positions. These proteins are
implicated in Alzheimer’s disease as discussed in Section 1.3.1 [129, 133, 75, 120].
The amyloid β-protein sequence is
DA/EFR5HDSGY10/EVHHQ15KLVFF20AEDVG25SNKGA30IIGLM35VGGVV40IA
where the Leu17-Ala21 region is referred to as the central hydrophobic cluster (CHC), and the Ile31-
Val36 region as the mid-hyrophobic region (MHR). The region of Val39-Ala42 will be referred to
as the C-terminal region (CTR). The residues, E3 and E11, which are the positions relevant to the
truncations discussed in this study have also been marked.
The oligomerization processes of these peptides have never been studied in silico. Hence, the
work described herein is the first published study in this regard. In this chapter, the results of DMD
simulations of these amyloid β peptides will be presented. An extensive analysis of the oligomeriza-
tion processes have been performed, revealing the secondary, teritary, and quaternary structures, the
connectivities of important protein regions, the free-energy landscapes and the assembly pathways
of the six peptides, Aβ1−40/42, Aβ3−40/42, and Aβ11−40/42.
4..2 Simulation Protocol
For each peptide, a cubic simulation box of edge length 25nm was prepared with 32 spatially
separated peptides. The molar concentration is about 3−4mM , which is 10- to 100-fold larger than
what is commonly used in in vitro studies. However, this is necessary for reasonable simulation
times that allow for peptide assembly. Each simulation box was put through a 106 step long high
temperature (T = 4) simulation, from which eight replicas were chosen as the initial conformations
for the production runs.
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For the production runs, a parameter set that has been previously shown to produce in silico
oligomer size distributions consistent with in vitro findings was used [106, 200]. For the effective
hydrophobic interaction strength parameter, Ehp = 0.3 was used, in combination with the effective
electrostatic interaction strength of Ech = 0 and the physiological temperature estimate T = 0.13.
The side chain interaction range was set to 7.5 A˚.
The simulations were allowed to run for 40× 106 simulation steps. Potential energy convergence
was observed at 15− 20× 106 simulation steps for all four truncated peptides. The production runs
were saved every 100, 000 steps. Out of these, 10 time frames evenly spaced out between the 39×106
and 40× 106 simulation steps were used for the structural analysis presented herein. Populations of
monomers and different sizes of oligomer were extracted from these 80 time frames for each peptide
and analyzed separately. The monomer, trimer, and heptamer results are shown in the following
sections, as these groups provided sufficient data across the four peptides for a statistically reliable
analysis.
In addition to the peptides mentioned earlier, we also simulated Aβ10−40, Aβ10−42, [Ala12]Aβ11−40,
[Ala12]Aβ11−42, [Ser12]Aβ11−40, and [Ser12]Aβ11−42, to provide additional insight for the study of
the peptides already mentioned. The analysis of these results can be found in Appendix B.
4..3 Results
4..3.1 N-terminally truncated Amyloid β-proteins form larger oligomers
For the oligomer size distribution calculations, three time frames per trajectory were used out of
the final 1 × 106 time steps, hence for each peptide there were 8 replicas of the 39, 39.5, and 40
×106th simulation steps. For each peptide, these 24 realizations were analyzed, and the probability
distributions of monomers and oligomers of all sizes were calculated. In the present section, the
normalized probability distributions are provided with the corresponding standard errors of the mean
(SEM). In addition to the in silico results, the oligomer size distributions derived via PICUP/SDS-
PAGE experiments performed by Bitan et al. are provided in the insets of 28. Along with the
analysis of the wild types, Aβ3−4X , and Aβ11−4X peptides, the oligomer size distributions of Aβ10−4X
can be seen.
As mentioned earlier in the Introduction chapter, DMD simulations of Aβ1−40, Aβ1−42, and
their Arctic mutants (Glu22Gly) have successfully captured their unique size distribution profiles
[204, 200]. However, there are several factors that require consideration when comparing in silico
data to PICUP/SDS-PAGE results. First, the comparison of the optical density of the silver-stained
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gel bands to in silico size distributions is not straightforward. Secondly, the molar concentrations
necessary for experiments and simulations are very different, as mentioned earlier. The high peptide
concentrations of in silico studies result in low numbers of monomers compared to experiment.
Next, the larger oligomer sizes are difficult to distinguish in PICUP/SDS-PAGE results due to the
logarithmic dependence on oligomer size. Finally, tyrosine is an essential residue in the cross-linking
reactions of the PICUP protocol [24, 25, 22]. What this implies for the set of peptides in this study
is that when Aβ is cleaved at the 11th position, there is a 40% decrease in the overall cross-linkage
yield due to the loss of Tyr10 [25]. This hinders the reliability of the experimental results. Hence,
the results for Aβ10−4X are provided as a complement to the Aβ11−4X results.
Figure 28: Oligomer size distributions for (a)
AβX−40 and (b) AβX−42 (X = 1, 3, 11) de-
rived in silico using the DMD approach with the
four-bead protein model and the corresponding
SDS-PAGE/PICUP results for AβX−40/42 (X =
1, 3, 10) reported previously by Bitan et al. [25].
Distributions were calculated by averaging the
populations at time frames 39, 39.5, and 40 ×106
simulation steps of all 8 trajectories of each pep-
tide. The error bars represent the SEM values.
The oligomer size distribution of Aβ1−40 re-
veal a high propensity for dimer and trimer
formation. The truncation at the 3rd residue
results in a decrease in dimer and trimer
populations, accompanied by an extension of
oligomer sizes up to octamers (Fig. 28a, black
and red curves, respectively), consistent with
PICUP/SDS-PAGE results (inset in Fig. 28a,
first and second columns) [23]. The Aβ10−40
distribution has no dimers, but instead there
is a significant increase towards larger oligomer
sizes, including trimers through hexamers, de-
camers through pentadecamers, icosamers and
hexacosamers (Fig. 28a, green curve). The gen-
eral attributes of this distribution matches the
one obtained from PICUP/SDS-PAGE experi-
ments for this peptide which are described as
irregular by Bitan et al. [25]. The Aβ11−40 is
similar to Aβ10−40 in this respect, with a lower
tetramer content and an increased number of
octamers and oligomers larger than decamers
(Fig. 28a, blue curve).
Aβ1−42 oligomer size distributions have
three peaks at (i) dimers and trimers, (ii) pen-
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Table 9: Total number of conformers from monomers (n = 1) to oligomers of order n = 2 through
n = 7 used in the structural analysis. The conformers were obtained using all eight trajectories per
peptide and 10 time frames between 39 and 40× 106 time steps per trajectory.
Number of
Conformers n=1 n=2 n=3 n=4 n=5 n=6 n=7 n≥8
Aβ1−40 86 333 306 125 14 23 18 7
Aβ1−42 64 185 146 50 55 40 27 68
Aβ3−40 71 174 176 175 61 64 8 21
Aβ3−42 38 62 139 78 69 47 46 76
Aβ11−40 8 4 21 15 41 23 20 160
Aβ11−42 5 1 21 9 1 2 38 129
tamers and hexamers, and (iii) dodecamers to tetrakaidecamers as can be seen in Fig. 28b (black
curve). The DMD distribution is in line with the multimodal nature of the PICUP/SDS-PAGE data
presented by Bitan et al. [23] as previously reported by Urbanc et al. [200]. The truncation of
the first two residues results in a decrease in the dimer and hexamer counts, while the populations
of trimers through pentamers and octamers through decamers grow. The peak around decamers
through dodecamers to tetrakaidecamers disappears after this truncation. The multimodal charac-
teristic of the distribution is, however, preserved, in agreement with in vitro data [23]. The Aβ10−42
distributions reveal distributions that are shifted towards higher oligomer sizes (Fig. 28b, green
curve). There are fewer monomers, dimers, and trimers than both Aβ1−42 and Aβ3−42, while there
are significant increases for the oligomer sizes of tridecamers through pentadecamers. Furthermore,
larger oligomers of sizes 18 through 20 can be seen in addition to a peak at 32, which includes the
complete set of chains in the DMD simulations. Despite the difficulties of comparing in silico and in
vitro data, the multimodal nature of these distributions are preserved through the truncations. The
Aβ11−42 distribution (blue curve) reveals a more irregular profile than the other distributions, and
is shifted towards larger oligomer sizes compared to Aβ10−42. A pronounced peak around heptamers
can be seen along with several smaller peaks at larger sizes including sizes 15 through 26.
The N-terminal truncations studied here lessen the hydrophobicity of the Aβ proteins, since
the N-terminal region of Aβ is hydrophilic. As demonstrate by Urbanc et al. earlier, the Aβ
oligomerization process is driven by hydrophobic collapse [204, 200]. Coupled with the smaller sizes
of the peptides, the increased hydrophobicity shifts the distributions to larger oligomer sizes. This
can also be seen in Table 9.
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4..3.2 N-terminal truncation increases the secondary structure differences between
Aβ isoforms
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Figure 29: The average (a) β-strand, (b) turn, and
(c) coil propensities for monomers and oligomers
up to including heptamers of AβX−40 and AβX−42
(X = 1, 3, 11). The error bars correspond to the
SEM values.
The secondary structure propensities of the six
peptides were calculated using the STRIDE pro-
gram implemented in the Visual Molecular Dy-
namics (VMD) software package [84]. For the
structural analysis that follows, including the
secondary structure, connectivity, solvent acces-
sible surface area and distance from the cen-
ter of mass per residue calculations, popula-
tions of monomers and oligomers at 11 time
frames between 39 and 40×106 simulation steps
(at 105-step intervals) were used. For the sec-
ondary structure, initially, an analysis of the
secondary structure propensities per residue was
performed for all monomers and oligomer sizes
collectively, which were then averaged over the
whole residue to calculate the average propensi-
ties of β-strand, turn, and coil structures for
the six peptides. The β-strand, turn, and
coil propensities per residue for monomers and
oligomer sizes were further analyzed individu-
ally, and are presented in Appendix B. Next, the
average secondary structures for each oligomer
size was calculated, and these results are pre-
sented in Figure 29.
The Aβ peptides in this study were found to predominantly sample turn and β-strand conforma-
tions, while helical conformations were negligible in amounts, consistent with previously published
DMD simulations of the Aβ peptide. [204, 225, 200] The average secondary structure propensi-
ties can be seen in Table 4..3.2. The Aβ3−42 peptide revealed the largest β-strand propensity,
0.214±0.016, followed by Aβ1−42 and Aβ1−40. The Aβ3−40 and Aβ11−40 conformations had the low-
est β-strand contents, while Aβ11−42 had comparable amounts to Aβ3−42, Aβ1−40 and Aβ1−42. The
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Table 10: The average β-strand and turn propensities and the SEM values for the entire populations
of monomers and oligomers of the six peptides. The β-strand and turn propensities per amino acid
were calculated first for all 32 peptides in the configuration, independent of the assembly state of
the peptide, followed up by averaging over all amino acids in the peptide.
Peptide 〈 β-Strand 〉 〈 Turn 〉 〈 Coil 〉
Aβ1−40 0.186±0.017 0.451±0.032 0.269±0.035
Aβ1−42 0.195±0.015 0.417±0.031 0.299±0.038
Aβ3−40 0.152±0.014 0.479±0.027 0.276±0.034
Aβ3−42 0.214±0.016 0.400±0.030 0.303±0.040
Aβ11−40 0.095±0.008 0.548±0.038 0.249±0.043
Aβ11−42 0.176±0.013 0.440±0.035 0.274±0.042
average turn and β-strand contents were inversely correlated with a correlation coefficient of -0.987,
yielding a constant sum of β-strand and turn contents (62.6 ± 1.3%). The average coil contents of
all six peptides were similar and the differences were not statistically significant.
After splitting each peptide into groups of oligomer sizes, all oligomers up to heptamers were
analyzed for secondary structure content. Almost all peptides studied displayed constant β-strand
and turn propensities through the oligomerization process, excluding Aβ11−42 which displayed a
sharp increase in β-strand content with increasing oligomer size, starting from no β-strand content
and reaching levels equivalent to that of Aβ3−42 in the heptamer form. This increase in β-strand
content is accompanied by a decrease in both turn and coil propensities upon oligomerization. These
trends can also be observed in the average secondary structure content per residue calculations
presented in Appendix B, where the monomer, trimer, and heptamer turn and β-strand propensities
per residue can be found.
In Figure 29 an increase in the differences between the average β-strand and turn content
between AβX−40 and AβX−42 with increasing X can be seen. This is to be expected to some extent
since the percent difference in the amino acid sequence increases from 5% for X = 1 to 6.7% for
X = 11.
4..3.3 N-terminal truncations alter the tertiary and quaternary structure of the re-
sulting conformations
While the secondary structure analysis of proteins can give one a general idea of the properties of the
folded structure, the details of the three-dimensional structure require an analysis of the contacts
made within the chain and among separate chains. Hence, in this section a new measure for the
connectivity of several important residues and regions for each peptide is provided, in addition to
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Table 11: The intramolecular (tertiary structure) and intermolecular (quaternary structure) connec-
tivity of selected residues (Ala2, Phe4, Val12) and peptide regions (CHC, MHR, CTR) in monomers
(N = 1), trimers (N = 3), and heptamers (N = 7) formed by AβX−40 (X = 1, 3, 11). The error bars
correspond to SEMs. The connectivity values for Aβ3−40 and Aβ11−40 conformations that differ
significantly from those for corresponding Aβ1−40 conformations are marked by ∗.
Aβ1−40 Aβ3−40 Aβ11−40
Regions Tertiary Quaternary Tertiary Quaternary Tertiary Quaternary
Ala2 (N = 1) 0.39±0.07 — — — — —
Ala2 (N = 3) 0.35±0.05 0.34±0.05 — — — —
Ala2 (N = 7) 0.26±0.06 0.34±0.05 — — — —
Phe4 (N = 1) 0.43±0.08 — 0.28±0.06∗ — — —
Phe4 (N = 3) 0.41±0.07 0.30±0.05 0.29±0.04∗ 0.26±0.06 — —
Phe4 (N = 7) 0.36±0.06 0.28±0.04 0.16±0.05∗ 0.15±0.05∗ — —
Val12 (N = 1) 0.61±0.11 — 0.58±0.12 — 0.60±0.21 —
Val12 (N = 3) 0.52±0.09 0.23±0.03 0.49±0.09 0.26±0.05 0.42±0.11 0.60±0.13∗
Val12 (N = 7) 0.55±0.14 0.31±0.08 0.34±0.08 0.47±0.12 0.76±0.15 0.50±0.11∗
CHC (N = 1) 0.55±0.05 — 0.51±0.05 — 0.48±0.08 —
CHC (N = 3) 0.54±0.05 0.47±0.04 0.48±0.05 0.56±0.05∗ 0.71±0.09∗ 0.79±0.11∗
CHC (N = 7) 0.55±0.05 0.46±0.05 0.40±0.06∗ 0.73±0.08∗ 0.62±0.08∗ 1.04±0.10∗
MHR (N = 1) 0.56±0.05 — 0.52±0.05 — 0.89±0.09∗ —
MHR (N = 3) 0.52±0.05 0.43±0.03 0.50±0.05 0.48±0.04∗ 0.83±0.08∗ 0.50±0.06
MHR (N = 7) 0.52±0.05 0.50±0.04 0.36±0.05∗ 0.59±0.05∗ 0.78±0.08∗ 0.70±0.06∗
CTR (N = 1) 0.71±0.11 — 0.60±0.10 — 0.87±0.17 —
CTR (N = 3) 0.61±0.10 0.64±0.08 0.62±0.10 0.66±0.08 0.62±0.13 0.81±0.12
CTR (N = 7) 0.61±0.11 0.69±0.09 0.56±0.11 0.75±0.11 0.62±0.13 0.98±0.11∗
the intramolecular and intermolecular contact maps provided and described in Appendix B, Figures
71 through 74.
The contact map analysis performed herein, involves the calculation of a matrix in which each
(i,j) element is equal to the average number of contacts formed between residues i and j, either for
intra- or for intermolecular contacts. Since the four-bead protein model dictates that each amino
acid is represented by up to four beads, the maximal number of intramolecular contacts between
residues i and j is 4×4=16. Intermolecular contacts, however, can have more than 16 contacts since
amino acid i of one protein chain can be surrounded by several amino acids j from multiple other
protein chains. The contact maps presented are averaged based on the maximum number of contacts
a residue can have on a color scale between 0 (dark blue) and 8 (pink), where 0 means no significant
contacts and 8 corresponds to 8 contacts. All colors other than dark blue mean a significant amount
of non-zero contact between amino acids, for which the average number of contacts is larger than the
corresponding SEM. The connectivity measure for a residue is the average contact strength between
residue X and the entire peptide. The connectivity measure for a region is the average connectivity
of the residues in the region. The connectivities of the hydrophobic residues Ala2, Phe4, and Val12,
and the peptide regions of CHC, MHR, and CTR are provided in Tables 11 and 12 for AβX−40 and
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Table 12: The intramolecular (tertiary structure) and intermolecular (quaternary structure) connec-
tivity of selected residues (Ala2, Phe4, Val12) and peptide regions (CHC, MHR, CTR) in monomers
(N = 1), trimers (N = 3), and heptamers (N = 7) formed by AβX−42 (X = 1, 3, 11). The error bars
correspond to SEMs. The connectivity values for Aβ3−42 and Aβ11−42 conformations that differ
significantly from those for corresponding Aβ1−42 conformations are marked by ∗. Additionally, the
connectivity values for AβX−42 (X = 1, 3, 11) conformations that differ significantly from those for
corresponding AβX−40 (X = 1, 3, 11) conformations are marked by #.
Aβ1−42 Aβ3−42 Aβ11−42
Regions Tertiary Quaternary Tertiary Quaternary Tertiary Quaternary
Ala2 (N = 1) 0.24±0.04# — — — — —
Ala2 (N = 3) 0.23±0.04# 0.22±0.04# — — — —
Ala2 (N = 7) 0.17±0.03# 0.23±0.04# — — — —
Phe4 (N = 1) 0.44±0.08 — 0.20±0.04∗ — — —
Phe4 (N = 3) 0.38±0.07 0.26±0.05 0.21±0.03∗# 0.22±0.04 — —
Phe4 (N = 7) 0.24±0.05# 0.31±0.07 0.12±0.02∗ 0.15±0.03∗ — —
Val12 (N = 1) 0.57±0.09 — 0.48±0.12 — 0.75±0.23∗ —
Val12 (N = 3) 0.55±0.09 0.19±0.04 0.50±0.11 0.30±0.05 0.59±0.14 0.49±0.10∗
Val12 (N = 7) 0.49±0.09 0.17±0.04# 0.44±0.08 0.27±0.04# 0.45±0.11# 0.49±0.11∗
CHC (N = 1) 0.55±0.05 — 0.48±0.05# — 0.69±0.09∗# —
CHC (N = 3) 0.51±0.05 0.42±0.03 0.51±0.05 0.48±0.04 0.58±0.06 0.69±0.07∗
CHC (N = 7) 0.52±0.05 0.48±0.04 0.49±0.05 0.41±0.03∗# 0.55±0.05 0.49±0.06∗#
MHR (N = 1) 0.52±0.05 — 0.43±0.05 — 0.89±0.09∗ —
MHR (N = 3) 0.50±0.04 0.42±0.03 0.49±0.04 0.42±0.03 0.83±0.08∗ 0.50±0.06
MHR (N = 7) 0.43±0.04# 0.49±0.04 0.46±0.04# 0.38±0.03∗# 0.78±0.08∗ 0.70±0.06∗
CTR (N = 1) 0.59±0.07 — 0.63±0.07 — 0.83±0.10∗ —
CTR (N = 3) 0.59±0.06 0.56±0.05 0.60±0.06 0.57±0.06 0.80±0.09∗ 0.65±0.09
CTR (N = 7) 0.47±0.05 0.73±0.07 0.54±0.06 0.51±0.05∗# 0.64±0.08∗ 0.98±0.11∗
AβX−42, respectively.
The Ala2 position is the first hydrophobic residue in the wild type sequences. As can be seen
in both the contact maps in Appendix B, Figures 71 through 74 and in Tables 11 and 12, the
Ala2 connectivity is significantly stronger for Aβ1−40 than for Aβ1−42 for monomers, trimers, and
heptamers, both in tertiary and quaternary contacts. The Phe4 connectivity, however, is comparable
for the wild types, except in the case of tertiary heptamer contacts.
The truncation of the first two residues results in a significant decrease in the tertiary connectivity
of Phe4 both for Aβ3−40 and Aβ3−42, signifying a stabilizing effect of Ala2 on Phe4 connectivity. The
quaternary contacts for Aβ3−40 and Aβ3−42 are similar to that of Aβ1−40 and Aβ1−42, respectively,
in the case of trimers, but not for heptamers which have significantly lower connectivities for Phe4.
Between these two truncated peptides, the Phe4 tertiary connectivity of Aβ3−42 is weaker than
Aβ3−40, while their quaternary connectivities are similar.
The Val12 connectivities are higher than both Ala2 and Phe4 for tertiary contacts of Aβ1−40
and Aβ1−42, but not for quaternary contacts. This is due to Val12 being better shielded than Ala2
and Phe4 in the wild types. Val12 tertiary connectivities are higher for all peptides studied, while
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the quaternary connectivities increase with further truncations up to the point that they become
comparable to tertiary connectivities for Aβ11−4X . It is also important to note that the Val12 tertiary
contacts are, on average, strongest after the truncations at position 10, revealing the importance of
Val12 in stabilizing the Aβ11−4X conformations.
The tertiary and quaternary connectivities of CHC (central hydrophobic cluster) and MHR
(mid-hyrophobic region) are comparable between Aβ1−40 and Aβ1−42. The truncations at the third
position do not affect the tertiary structures strongly, however significant increases can be seen for the
quaternary connectivities of Aβ3−40 trimers and heptamers, while the Aβ3−42 heptamers decrease
in quaternary connectivities - Aβ3−42 trimer quaternary connectivities are mostly unaffected. The
Aβ11−4X connectivities for the CHC and MHR are larger compared to the wild types and the
Aβ3−4X peptides both for tertiary and quaternary contacts, hinting at the compactness of the
Aβ11−4X peptides.
The CTR (C-terminal region) has significantly higher tertiary connectivities for Aβ1−40 com-
pared to Aβ1−42. This difference is not observed in the case of Aβ3−40 and Aβ3−42, the latter of
which slightly increases in tertiary connectivity while the former decreases slightly. The quaternary
connectivities of the wild types are similar, while the truncations at the third position result in
Aβ3−40 having larger CTR connectivities than Aβ3−42. On the other hand, the truncations at the
11th residue result in significant increases in both the tertiary and quaternary connectivities in both
Aβ11−40 and Aβ11−42.
The effects of N-terminal truncation on connectivities were more prominent in the case of
Aβ11−4X than Aβ3−4X . The N-terminal connectivities were increased upon truncations at the third
residue, while the opposite was observed for truncations at the eleventh residue. The same trend
was observed to a lesser extent for the MHR and CHC regions.
4..3.4 Flexibility and solvent exposure of the N-termini is increased in Aβ3−4X and
decreased in Aβ11−4X
To further elaborate the structures of the monomeric and oligomerized forms of the N-terminally
truncated peptides under study, an analysis of the coarse-grain solvent accessible surface area (CG-
SASA) and the distance from the center of mass per residue was calculated for each peptide us-
ing VMD. For the amino-acid specific coarse-grain solvent-accessible surface area (SASA) of the
monomer and oligomer conformations, VMD generates a spherical surface 1.4 A˚ away from the Van
der Waals radius of each atom. This distance corresponds to one layer of water around the protein
surface. For this calculation, the backbone carbonyl oxygen and the amide hydrogen were also taken
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into account. The sum of the non-overlapping areas are then calculated for each residue, excluding
any regions that might be blocked by the rest of the protein. Thus, the CG-SASA for amino acids
near the protein surface of Aβ oligomers will have a larger value. As for the distances from the
center of mass per residue, first the position of the center of mass for each oligomer is calculated
taking into account only the Cα atoms, followed by a calculation of the distance of the Cα atoms to
the center of mass for each residue, and finally these values averaged for each residue in oligomers
of the same size. This analysis has been performed on Aβ1−40 and Aβ1−42 previously by Urbanc
et al., and revealed that the Aβ1−42 peptide is characterized by larger solvent exposure at the N-
terminal region, Asp1-Asp7, compared to Aβ1−40 [204, 200]. It was hypothesized that this difference
in structure might be the cause of Aβ1−42 oligomers’ increased toxicity relative to that of Aβ1−40
oligomers. [204, 201] For the set of N-terminally truncated peptides studied here, the CG-SASA
and distance from the center of mass analysis of monomers, trimers, and heptamers (Figures 30,
31, and 32, respectively) revealed interesting structural differences between Aβ3−4X and Aβ11−4X
conformations relative to the wild type conformations.
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Figure 30: (a,c) Coarse-grained (CG) SASA per residue and
(b,d) the relative distance of each residue from the center
of mass of (a,b) AβX−40 and (c,d) AβX−42 monomers. The
error bars represent the SEM values.
For all peptides under study, the
CG-SASA values of the hydrophobic
regions, CHC, MHR, and CTR, were
mostly unaffected by N-terminal trun-
cations (Figues 30a and c, 31a and c,
and 32a and c) in monomers, trimers
and heptamers. The CHC and MHR
had the lowest CG-SASA values over-
all which were below 25 A˚2. For the
Aβ3−4X peptides, an increase is ob-
served in the CG-SASA of the Glu3-
Arg5 region for all three oligomer
sizes. Coupled with the concomitant
increase in the distance from the cen-
ter of mass for this region, this in-
dicates an increase in the flexibility
of the N-terminal region for Aβ3−4X
peptides. The most solvent exposed residue was the first residue for all six peptides. However, the
largest distances from the center of mass were observed in Asp7 and Ser8 for all Aβ1−40 oligomers
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shown in addition to the Aβ3−40 monomers and trimers (Figures 30b and d, 31b and d, and 32b
and d). For the Aβ3−40 heptamers Glu3 was the most distant from the center of mass, indicating an
increase in the N-terminal flexibility with increasing oligomer size. In the case of AβX−42 peptides,
the first residue (Asp1 and Glu3 in Aβ1−42 and Aβ3−42, respectively) is consistently the furthest
from the center of mass except for the Aβ1−42 trimers, for which the Asp7-Ser8 pair ia the furthest
from the center of mass (Figure 31d). The pronounced distance of Glu3 in Aβ3−42 from the center
of mass demonstrates a consistent increase in the flexibility upon truncation at the third position,
and interestingly, this effect is more pronounced in Aβ3−42 than in Aβ3−40 for all three oligomer
sizes shown.
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Figure 31: (a,c) Coarse-grained (CG) SASA per residue and
(b,d) the relative distance of each residue from the center of
mass of (a,b) AβX−40 and (c,d) AβX−42 trimers. The error
bars represent the SEM values.
In contrast to the Aβ3−4X pep-
tides, the Aβ11−4X peptides display
no increase in the distances of their
first residues to the center of mass in
the case of monomers or heptamers
(Figure 30b and d, 31b and d). How-
ever, a significant increase in the CG-
SASA of the Glu11 residue is ob-
served, while this effect does not ex-
pand to the nearest neighbors as it
does in the Aβ3−4X peptides. This
indicates that there is no significant
increase in the flexibility of the N-
terminal region, as the increase of
CG-SASA for Glu11 can simply be ex-
plained by the removal of the solvent
barrier created by the first 10 residues
of the β sequence. The heptamer conformations have similar profiles to that of Aβ11−4X monomers
and trimers, with an overall shift towards larger distance values due to the larger size of the hep-
tamer. It is also worth noting that for Aβ11−4X monomers, the CHC has larger CG-SASA values
(Figure 31a and c) compared to the monomers of Aβ1−4X and Aβ3−4X , coupled with the connec-
tivities observed for the CHC, this suggests that this region might play an important role in the
oligomerization of Aβ11−4X .
The plots of the distances from the center of mass per residue also allow us to estimate the
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diameters of each oligomer size. The largest distance from the center of mass for the Aβ1−40 and
Aβ1−42 monomers was 11-12 A˚, indicating a monomer diameter of about 23 A˚. For the trimers of
the same peptides, the largest distances are 17-18 A˚, yielding a diameter of about 35 A˚. As for the
heptamers of these peptides, a diameter of ˜50-55 A˚ can be estimated, with Aβ1−42 and Aβ3−42
forming slightly larger heptamers. The smallest residue-to-center of mass distances observed for
heptamers are ∼10 A˚, implying that heptamers tended towards more elongated shapes instead of
spherical ones. The same effect can be observed to a lesser degree in trimers, for which the smallest
distances for the Aβ1−4X and Aβ3−4X are about 6 A˚. This feature is especially pronounced in the
case of Aβ1−40 heptamers due to the particular assembly pathway in which the Ala2-Phe4 region
forms intermolecular β-strands to bridge monomers or small oligomers, resulting in a “dumb-bell”–
like shape [200]. Thus, the conformations of heptamers reveal a departure from the quasi-spherical
shape displayed by smaller oligomers, tending towards forming elongated, protofibril-like assemblies.
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Figure 32: (a,c) Coarse-grained (CG) SASA per residue and
(b,d) the relative distance of each residue from the center
of mass of (a,b) AβX−40 and (c,d) AβX−42 heptamers. The
error bars represent the SEM values.
The absence of the hydrophilic
region Asp1-Tyr10 in Aβ11−4X pep-
tides, the most solvent exposed re-
gion of the Aβ1−4X and Aβ3−4X hep-
tamers, result in significantly more
compact structures for the Aβ11−4X
heptamers as can be seen in (Fig-
ure 32b and d). Among monomers,
the largest distances to the center of
mass observed appear in the Glu22 re-
gion of Aβ11−40 and the Asn27 region
of Aβ11−42, about 10 A˚, resulting in
a monomer diameter of ∼20 A˚. For
trimers and heptamers, the diameters
are about 28-30 A˚ and 32-40 A˚, re-
spectively, with Ser26-Asn27 regions
at distances of 14-15 A˚ and 16-20 A˚. It
can also be postulated that the heptamers of the Aβ11−4X peptides formed more compact structures
than the Aβ1−4X and Aβ3−4X heptamers, since Aβ11−4X displays the lowest distances compared to
the longer peptides studied.
These results reflect how different the effects of the two N-terminal truncations are in terms
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of N-terminal flexibility. While the truncations at position Glu3 result in increased flexibility, the
truncations at Glu11 have the opposite effect while also making the oligomers more compact.
4..3.5 Effects of N-terminal truncations on the free-energy landscape of Aβ conforma-
tional ensembles
For the potential of mean force calculations, the time frames between the 35×106 and 40×106 sim-
ulation steps for all protein ensembles were analyzed. For each protein chain, the distances between
the N- and C-terminal Cα atoms (N-to-C distance), and the sum of the coarse-grain SASA values
of the hydrophobic residue (hydrophobic CG-SASA) were calculated and binned. The hydrophobic
residues for the hydrophobic CG-SASA values were chosen according to the Kyte-Doolittle hydropa-
thy scale [105] used in the DMD force field [204]. The number of conformations within each bin, ni,
was computed, and the PMF value was calculated for each bin using the formula -kBT ln (ni/n),
where n is the total number of conformations in the ensemble. The results are presented in a color
coded map to show the free energy landscape. The free-energy landscapes of each peptide turned
out to have quite distinct profiles as can be seen in Figure 33.
The free-energy landscapes of Aβ1−42 have wider and shallower basins than Aβ1−40 conforma-
tions, indicating increased conformational disorder in the case of the former consistent with all-atom
MD simulations performed by Barz et al. [8]. The free-energy landscapes extend towards higher
NC-distances for Aβ1−42, Aβ3−42, and Aβ3−40, consistent with the large distances from the center of
mass for the N-terminal regions of these peptides. The Aβ1−40/42 and Aβ3−40/42 peptides populate
similar hydrophobic CG-SASA values (1-5 nm2), while the Aβ11−40/42 distributions are shifted down
(0-3.5 nm2) as can be seen more clearly in Figures 75b and d. The lower hydrophobic CG-SASA
values suggest that the Aβ11−40 and Aβ11−42 conformations are more compact and more efffectively
shielded from solvent compared to their longer isoforms.
The effects of the N-terminal residues on conformation were further investigated through simu-
lations of Aβ10−40/42, and two mutations, [Val12Ala]Aβ11−40/42, and [Val12Ser]Aβ10−40/42. In the
Kyte-Doolittle hydropathy scale alanine is less hydrophobic than valine, while serine is hydrophilic[105].
The corresponding free-energy landscapes can be seen in Figure 76, and more detailed analyses of
the two dimensional distributions of each reaction coordinate in Figure 77. The Val12Ala sub-
stitution resulted in a significant shift towards larger NC-distances compared to the Aβ11−40/42
conformations. For the Val12Ser substitution, this effect is more pronounced than for the Val12Ala
substitution (Figure 77a and c). The hydrophobic CG-SASA values were similarly affected for
the Val12Ala substitution, while, interestingly, the Val12Ser substitution produced a statistically
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Figure 33: (a-f) PMF plots showing the free-energy landscape using two reaction coordinates, the
N-terminal to C-terminal distance and the sum of CG-SASA values over all hydrophobic residues.
The color scale is shown in units of kBT.
significant difference for Aβ11−40 but not for Aβ11−42 (Figure 77b and d). In conclusion, both sub-
stitutions result in either significant shifts towards higher values along either one or both reaction
coordinates, emphasizing the importance of the Val12 residue in stabilizing the compact structures of
Aβ11−40/42 oligomers. However, none of these changes are as pronounced as in the case of Aβ3−40/42
free-energy landscapes.
4..3.6 Assembly pathways
To study the assembly pathways of each peptide, the evolution of a monomer through its complete
trajectory was traced as displayed in Figures 34 and 35. The oligomerization processes of each
peptide is distinct. For the isoforms Aβ1−42, Aβ3−40, and Aβ3−42, the oligomer conformations
display flexible and solvent-exposed N-termini, while Aβ1−40, Aβ11−40, and Aβ11−42 form compact
structures. The assembly pathways predicted by DMD demonstrate a fast hydrophobic collapse into
small globular oligomeric structures which further assemble into elongated and curvilinear clusters
as suggested earlier by Teplow et al. [24, 23] In a 2011 study, Lee and collaborators examined
the Aβ assembly in vitro and hypothesized that a nucleated structural conversion from elongated
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Figure 34: Assembly pathways through quasi-spherical oligomers into elongated protofibril-like as-
semblies of (a) Aβ1−40 (monomer → dimer → trimer → pentamer), (b) Aβ3−40 (monomer → dimer
→ pentamer → octamer), and (c) Aβ11−40 (monomer → dimer → tetramer → icosamer). The
initial monomer (first panel) is plotted in red in the subsequent assembly states. The N-terminal
D1 residues are shown in magenta. Turns and loops are colored in cyan, β-strands are depicted as
yellow ribbons, and coil (lack of secondary structure) is shown in silver.
protofibrillar assemblies into fibrils with a cross-β structure was taking place [111]. Even though the
DMD simulation times are shorter by one or two orders of magnitude to observe this phenomenon,
the results herein are consistent with the early elongated protofibrillar assemblies described by Lee
et al.
4..3.7 Discussion
The Aβ wild types, Aβ1−40 and Aβ1−42, and certain mutations involved in early onset Alzheimer’s
have been studied extensively, both in vitro and in silico. However, computational studies of the
many other isoforms that accompany the wild types in the progression of the disease are sparse.
In this chapter, an in silico study of the folding and assembly of the N-terminally truncated forms
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Figure 35: Assembly pathways through quasi-spherical oligomers to elongated protofibril-like assem-
blies of (a) Aβ1−42 (monomer → dimer → hexamer → dodecamer), (b) Aβ3−42 (monomer → dimer
→ tetramer → nonamer), and (c) Aβ11−42 (monomer → dimer → hexamer → pentacosamer). The
initial monomer (first panel) is plotted in red in the subsequent assembly states. The N-terminal
D1 residues are shown in magenta. Turns and loops are colored in cyan, β-strands are depicted as
yellow ribbons, and coil (lack of secondary structure) is shown in silver.
of Aβ, Aβ3−4X and Aβ11−4X (X = 0, 2), which exist in substantial amounts in the AD brain,
[129, 133, 75, 120] has been provided.
The four-bead protein model combined with DMD was used for simulations, and the trajec-
tories were analyzed for the oligomer size distributions and the structures of monomers and each
oligomer size after folding and assembly. Results revealed N-terminal truncations shift oligomer
size distributions towards larger oligomer sizes, especially in the case of Aβ11−42, consistent with
several published experimental studies regarding the higher aggregation propensities of N-terminally
truncated peptides [162, 137]. The effects of the two truncation positions on the N-terminal regions
of the peptides were significantly different. The Aβ3−4X peptides showed an increase in flexibility
and solvent-exposure at the N-terminus with weakened contacts compared to the wild types. The
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tertiary and quaternary contacts of the CHC, MHR, and the CTR were not significantly affected by
this truncation. However, the deletion of the first 10 residues caused increases in the connectivities
of the same regions in addition to high intra- and intermolecular connectivities for Val12 at the
N-terminus. In a fully-atomistic replica exchange MD of Aβ1−40 and Aβ10−40 in implicit solvent,
Klimov et al. showed that the monomer and dimer structures are not significantly affected by the
truncation of the first 9 residues and Tyr10 plays a crucial role in the intermolecular interactions.
[185, 184, 98] While the results herein described reveal more compact structures for both Aβ10−4X
and Aβ11−4X X = 0, 2) compared to wild types, the diminished β-strand content of Aβ11−40 confor-
mations compared to Aβ1−40 observed in this study is in agreement with the predictions of Takeda
and Klimov [185].
PICUP/SDS-PAGE experiments conducted by Teplow et al. showed that Aβ peptides assemble
through forming micelle-like oligomers that further assemble into curvilinear protofibrils, and finally
into cross-β fibrils. [24, 23] Another group, Kelly and collaborators, suggested that the early Aβ
assembly events involve a nucleated structural conversion from elongated protofibrillar assemblies
into cross-β fibrils [111], a process that can be also observed in thioflavin T (ThT) fluorescence
spectroscopy experiments [113]. The structural conversion neccessitates a cooperative structural
rearrangement of multiple peptides which would present a high free-energy barrier due to the loss
of conformational entropy of the conversion. The assembly pathways predicted by DMD of the
six peptides involve the formation of quasi-spherical oligomers that self-assemble into elongated
curvilinear protofibrils, a process guided by hydrophobic collapse, in line with the experimental
results mentioned above. In addition, at least one peptide, Aβ11−42, displays an increase in β-strand
formation upon oligomerization.
The cyclization of the N-terminal Glu in the truncated Aβ isoforms, Aβ3−4X and Aβ11−4X ,
observed in vivo does not occur at the same rates for the two truncations. Studies have shown
that Aβ3(pE)−4X amounts are much higher than the ”free” Aβ3−4X form, while Aβ11(pE)−4X and
Aβ11−4X appear to exist in similar amounts in the AD brain [133, 129, 120, 75]. The results of this
study demonstrate that the N-terminal region of Aβ3−4X is more flexible and solvent-exposed than
Aβ11−4X . This suggests a possible structural cause for the experimentally observed differences in the
abundances of the two truncations: given that the hydrophobic collapse into oligomeric structures
occur prior to the interaction between glutaminyl cyclases and the N-terminal Glu, the flexible and
solvent-exposed N-termini of Aβ3−4X would be more readily modified than the N-terminal Glu of
Aβ11−4X .
The differences in the toxicities of the two wild types of the Aβ protein have been previously
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investigated, implicating their oligomeric forms as the primary toxic agents in AD, with Aβ1−42
as the more toxic isoform of the pair. [38, 101, 161] The relationship of the structural differences
between the two isoforms to their corresponding toxicities has previously been studied with the
DMD approach, suggesting that the more flexible and solvent-exposed N-termini of Aβ1−42 might
be the crucial difference that allows for Aβ1−42’s increased ability to mediate toxicity [204, 200, 8].
This hypothesis has been further supported by a study of the effects of peptide inhibitors of Aβ1−42
[56, 115, 116] that demonstrated that the peptide inhibitors interact with the N-termini of Aβ1−42,
resulting in a reduced solvent exposure in the region [201]. In another set of studies investigating
the effects of two Aβ mutations at position 2 (Ala2Val and Ala2Thr) showed that the resulting Aβ
toxicities were significantly altered [41, 91]. In light of these results, the DMD predicted structural
differences observed in the N-terminally truncated Aβ forms described in this study suggest that
the Aβ3−4X conformations would be even more toxic in vivo than their corresponding wild types.
This proposition is supported by experimental findings which have demonstrated that Aβ3(pE)−42
oligomers can induce neuronal apoptosis in mice [224], and Aβ3(pE)−4X has been shown to be toxic
in cell cultures [189]. Also, Russo et al. have suggested that the N-terminus of Aβ3(pE)−4X oligomers
can interact with cellular targets and is responsible for the mediation toxicity [157]. Despite having
shown to be present in large amounts in the AD brain, Aβ11(pE)−4X and Aβ11−4X toxicities have
not been characterized yet.
In the presently described study, the distinct structural properties of monomeric and oligomeric
forms of N-terminally truncated Aβ peptides are elucidated, providing insight into the mechanisms of
their relative toxicities, aggregation rates, and the oligomer assembly pathways which are consistent
with the available experimental data [23, 111].
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5. THE DMD4B-HYDRA FORCE FIELD AND BEYOND
5..1 Introduction
The discrete molecular dynamics (DMD) method coupled with the four-bead protein model was
introduced by Ding et al. to study the α-helix to β-hairpin transition in a polyalanine peptide [43].
In this study the effect of attractive side chain-side chain interactions (effective hydrophobic interac-
tions) was probed. This study revealed that for a certain range of effective attractive interactions, the
β-hairpin state is destabilized, and instead is replaced by the α-helix conformation. The same model
was successfully implemented in the study of several Aβ alloforms by introducing amino acid-specific
implicit solvent interactions, based on the Kyte-Doolittle hydropathy scale[105] (Table 1..1.4), which
is referred to as the DMD4B-HYDRA force field. Urbanc et al. studied the oligomerization pro-
cesses of the two amyloid β-protein wild types (Aβ1−40 and Aβ1−42) using the DMD4B-HYDRA
force field, and elucidated several important structural differences between these two isoforms, in
addition to replicating the tendency of Aβ1−42 to form larger oligomers than Aβ1−40 [204]. This
study was extended to include the Arctic mutants of Aβ, (E22G)Aβ1−40 and (E22G)Aβ1−42, associ-
ated with early-onset Alzheimer’s disease [200]. Another study investigated a group of N-terminally
truncated amyloid β-protein, Aβ3−40/42 and Aβ11−40/42, and elucidated the structural differences
that result in the relative abundances of their modified and non-modified forms, and their oligomeric
sizes, and toxicities in relation to the wild type peptides (see Chapter 4 of this thesis) [125]. DMD
has also been used to study the folding mechanisms of two non-glycosylated domains of pig gastric
mucin at neutral and low pH, shedding light on the pH-induced changes in their folding mechanisms
and their aggregation/gelation processes [7]. Another amyloidogenic protein that has been studied
using DMD4B-HYDRA is stefin B, which belongs to the family of cystatins. This study elucidated
the early oligomerization events of stefin B, revealing the underlying causes of trimer depletion, in
addition to their branched and hypothetically toxic pore-like structures [227]. DMD has also been
employed as an efficient tool for structure sampling in Aβ1−40 and Aβ1−42 conformations. Using
the conformations created by DMD4B-HYDRA, Barz et al. studied monomer and dimer structures
using a fully-atomistic molecular dynamics approach with explicit water and showed that the struc-
tural differences between Aβ1−40 and Aβ1−42 dimers were enhanced [8]. In short, DMD4B-HYDRA
has emerged as a force field capable of replicating the β-sheet heavy structures of amyloidogenic
proteins and their oligomerization pathways successfully. This study is an attempt at characteriz-
ing the potential of the DMD4B-HYDRA force field as a sampling tool as part of multi-scale MD
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Figure 36: (a) Polyalanine in its β-hairpin and α-helix conformations, and the experimental struc-
tures of (b) Trp-cage (2JOF), (c) Tc1 from Tityus cambridgei (1JLZ), (d) Foldon E5R (2KBL), (e)
Conus gloariamaris gm9a (1IXT), (f) FBP11/HYPA WW Domain (1ZR7)
approach and to elaborate the strengths and limitations of the DMD4B-HYDRA model for future
use.
To investigate the accuracy of DMD4B-HYDRA in replicating secondary structures of proteins,
first a model system of polyalanine was used. With this simple system, the β-hairpin to α-helix
transition was studied. Next, five small proteins, one designed and four naturally occurring, with
sequence lengths of < 30 and established native structures were selected for simulation: Trp-cage
(2JOF), Tc1 from Tityus cambridgei (1JLZ), Foldon E5R (2KBL), Conus gloariamaris gm9a (1IXT),
and FBP11/HYPA WW Domain (1ZR7). These proteins represent a variety of secondary and ter-
tiary structures as can be seen in Figure 36, and two of them (Tc1 from Tityus cambridgei and
Conus gloariamaris gm9a) contain disulfide bonds in their native folds, which can be implemented
in DMD4B-HYDRA. Using these experimentally obtained structures, the accuracy of DMD4B-
HYDRA in replicating the native states of short proteins was tested. Next, short all-atom MD
simulations were performed using the resultant DMD4B-HYDRA conformations as initial confor-
mation. In this chapter, an analysis of the secondary and tertiary structures, and the potential of
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mean force landscapes of the trajectories produced by DMD4B-HYDRA and the following all-atom
MD simulations are presented, with corresponding comparisons to the experimental structures of
each protein.
5..2 Simulation Protocol
5..2.1 DMD Simulations
Following the discrete molecular dynamics method combined with the four-bead protein model as
introduced in the Computational Methods section of this thesis, monomers of each of the six proteins
were prepared for simulation in a box of edge length 100 A˚ . Each protein was subjected to a 106 steps-
long, high-temperature (T = 4) DMD simulations, from which 16 replicas of the system were selected
for each of the six peptides, and used as the initial conformations for 16 independent trajectories
per peptide. As the purpose of this study was to systematically investigate the effects of different
side chain interaction distances (6.5 A˚ and 7.5 A˚) and effective electrostatic interaction strengths,
ECH = 0, 0.01, 0.1, 0.2, a total of 128 DMD trajectories, each 100× 106 simulation steps long, were
acquired for each peptide with T = 0.13 and EHP = 0.3. Conformations were recorded every 100,000
steps and each trajectory was structurally analyzed upon completion. A more detailed description
of the methods can be seen in the Computational Methods chapter of this thesis in Section 2.2.
5..2.2 All-Atom MD Simulations
After the DMD simulations were finished, the last 100 frames (all recorded simulation steps between
99×106 and 100×106) of every trajectory were collectively analyzed for each residue, and clustered
using the nearest neighbour clustering method as implemented in the MaxCluster package[178, 44,
177]. The centroids of 8 clusters were selected as the initial conformations for the all-atom molecular
dynamics simulations.
Each initial conformation was capped by NH+3 and COOH groups at the N- and C-termini,
respectively, using the OPLS-AA [94] force field within GROMACS 4.5.5 [14, 118, 181, 79, 144].
Each peptide was then solvated in a cubic box of edge length ∼40A˚ (about 4,000 water molecules)
with the TIP3P [92] water model. The necessary number of Na+ or Cl− ions were added to the system
to neutralize the simulation box. Cubic periodic boundary conditions were imposed. For long-range
electrostatic interactions, particle mesh Ewald (PME) [196] was used with default parameters. A
2 fs time step was used for all simulations. For the energy minimization step the steepest descent
method was used for 100,000 steps, followed by a 20 ps pressure equilibration step at 300 K and
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1.0 bar, using thermal coupling with velocity rescaling and a Berendsen barostat [13]. Production
runs of 50 ns were produced at 300 K and trajectories were saved every 20 ps, amounting to 2501
frames per trajectory.
5..3 Analysis
5..3.1 Secondary Structure Analysis
The secondary structure propensities of the six peptides were calculated using the STRIDE program
implemented in the Visual Molecular Dynamics (VMD) software package [84]. For the results of
the DMD simulations, the secondary structure propensities per residue were calculated for the
conformers obtained in the last 50×106 simulation steps, while for the fully atomistic MD simulations
the complete trajectory was used.
5..3.2 Potential of Mean Force
For the potential of mean force calculations, several reaction coordinates were calculated. The
reaction coordinates chosen for this study were the contact order, the N- to C-termini distance,
and the coarse-grained (CG) hydrophobic SASA (and hydrophilic CG-SASA in the case of the
neutral/hydrophilic protein FBP11/HYPA WW Domain (1ZR7)). The contact order of the protein
is defined as
CO =
1
L×N
N∑
∆Si,j
where L is the length of the protein sequence, N is the total number of contacts, and ∆Si,j is the
sequence distance between any given two residues in contact [142].
5..3.3 Contact Maps
The contact map analysis performed herein, is equivalent to the method described in section 4.3.3.
5..4 Results
5..4.1 A Model System: Polyalanine
The intrinsic conformational propensity of alanine is a widely studied subject. For instance, short
alanine peptides (e.g. n ≤ 10) have been shown to have a strong preference for extended back-
bone conformations such as polyproline II and β-strands [218, 176]. However, the conformational
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Figure 37: Polyalanine secondary structure propensities per residue for the conformers obtained in
the last 50× 106 simulation steps.
preference of alanine depends heavily on sequence length, and in this project, a 16-residue long
polyalanine chain was examined. A polyalanine chain of length n = 13 was shown to consist of coil
and α-helix (with a propensity of ∼0.40) structures at room temperature, where Ala13 was flanked
by pairs of ornithine residues [180]. The charged residues used as cappings for the polyalanine chain
are necessary due to in vitro insolubility issues, as most polyamino acid chains with non-polar side
chains tend to be insoluble in water due to effective hydrophobicity, and can form aggregates of
either helical structures or β-pleated-sheets, depending on the experimental conditions [163, 180].
In this study, an Ala16 monomer is simulated with naturally charged N
+- and C−-termini.
Of the two side chain interaction distances, 6.5 A˚ was more conducive to forming α-helices as can
be seen in Figure 37, revealing α-helical propensities in the range of 0.65-0.75. With an interaction
distance of 7.5 A˚, there was a larger variability in α-helical propensities, ranging from ∼0.1 to ∼0.4
in the order of ECH = 0.1 > 0.01 > 0 > 0.2. Both interaction distances yield β-hairpin structures.
For the 7.5 A˚ interaction distance, there exist β-strand propensities ranging from 0.5 to 0.8 for
residues 4 and 12 (Ech = 0.2 > 0 > 0.1 ' 0.01), while for the 6.5 A˚ interaction distance the same
residues reveal propensities of 0.18-0.3 (Ech = 0 > 0.01 ' 0.2 > 0.1). Corresponding propensities
and trends can be observed for the turn that forms near residue 8. Compared to the experimental
α-helical propensities of Ala13 previously mentioned, the ECH = 0.1 parameter combined with the
side chain interaction distance of 7.5 A˚ yields the best approximation with an α-helical propensity
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Figure 38: Polyalanine secondary structure propensity evolution over the entire DMD4B-HYDRA
simulations averaged for every 10× 106 time steps.
of ∼0.40. For the side chain interaction distance of 6.5 A˚ , the average time for α-helix formation
takes about 50 × 106 simulation steps with a concomitant β-strand propensity decrease. For the
side chain interaction distance of 7.5A˚, both α-helical and β-strand contents remain steady over
time, suggesting a much faster rate of secondary structure convergence for the side chain interaction
distance of 7.5A˚.
The free energy landscapes reflect the conformational preferences observed in the secondary
structure propensity calculations. The α-helical conformations occupy the region near ∼2.1 nm for
the termini distance and 10.5-12 nm2 for the CG-SASA of hydrophobic residues, which in this case
make up the whole protein. The β-strand region is wider than the α-helical region, positioned around
0.4-1 nm for the N-to-C-termini distance and 12-14 nm2 for the hydrophobic CG-SASA. As expected
from the secondary structure graphs, the smaller interaction distance stabilizes the α-helical region
of the free-energy landscape, without widening it significantly, due to the rigidity of the α-helical
structure. Intermediate conformations between the β-hairpin and α-helical conformations are also
present. The larger interaction range with smaller ECH values yield more pronounced basins in this
region of the free-energy landscapes.
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Figure 39: Polyalanine free energy landscapes with the N- and C-termini distances, and hydrophobic
SASA as reaction coordinates.
5..4.2 Trp-cage (2JOF)
In a study investigating the structural factors that contribute to the fold stability of the Trp-cage
motif designed earlier by Neidigh et al., Barua and colleagues discovered several mutations, N1D,
L2A, and I4A, which increased the stability of the Trp-cage fold. This new sequence, also used in
this study, is as follows:
DAYAQ5WLKDG10GPSSG15RPPPS20
The residues marked green represent the hydrophobic amino acids according to the Kyte-Doolittle
(KD) hydropathy scale, while the residues marked red are charged. The residues in shown in black
are hydrophilic or neutral on the KD scale. The conformations of this new sequence were determined
using solution NMR experiments at pH 7 and 280 K. Their results reveal that the Trp-cage structure
involves a stable α-helix in the N-terminal region (A2-D9), followed by a pronounced turn region
extending from G10 to G15 and a mixture of statistical coil and turns in the R16-S20 region as shown
in Figure 36b. Several important contacts are emphasized in regards to fold stability, including the
Y3-P19 interaction, Trp burial, and a solvent-exposed salt bridge D9-R16 [6].
The two side chain interaction distances implemented yielded similar secondary structure re-
sults for Trp-cage. The secondary structure analysis of simulation conformations revealed β-strand
structures at a propensity of ∼ 0.8 for the regions of D1-D9 and G11-R16 (Figure 40), which form
a pronounced β-hairpin as observed in the contact maps (Figure 41), with a corresponding turn
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Figure 40: 2JOF secondary structure propensities per residue.
forming at G10. There are two other minor turn regions with propensities of ∼ 0.4 around Q5
and P17 accompanied by local contacts. There is a minimal amount of α-helix formation in the
N-terminal region. These general structural features seem to be unaffected for the most part by the
range of ECH values used. The free-energy landscapes reveal that the contact order and hydrophobic
CG-SASA values acquired by DMD4B-HYDRA are similar to that of the native structure, despite
the lack of α-helical conformations.
The Y3-P19 interaction observed in experiments is missing in simulations. In the implementation
of the Kyte-Doolittle hydropathy scale in DMD4B-HYDRA, both proline and tyrosine side chains
are modeled as neutral particles, meaning that the side chain beads are subject to excluded volume
interactions only. Furthermore, P19 is involved in local contacts, which can prohibit its interaction
with the Y3 residue. The D9-R16 salt bridge is also not observed in simulations, possibly due
to the limitation imposed upon the movements of these two residues by the rigidity of the main β-
hairpin motif. Finally, the tryptophan burial is unlikely, as tryptophan is also classified as neutral on
the hydropathy scale in DMD4B-HYDRA. With the current DMD4B-HYDRA force field, α-helical
structures might present a challenge.
Using the clustering method described in the methods section of this chapter, we selected eight
structures from the DMD4B-HYDRA simulations of Trp-cage. The 50 ns MD simulations reveal
a reduction in the β-hairpin structures with a corresponding increase in the α-helical propensities
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Figure 41: 2JOF (a) free energy landscapes, (b) intra-peptide contact maps of NMR structures, and
(c) intra-peptide contact maps of simulation conformation.
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Figure 42: 2JOF (a) secondary structure propensities per residue, (b) NMR (left) and MD (right)
contact maps, (c) free energy landscape.
observed for the N-terminal region of the peptide as can be seen in Figure 42a. This effect is also
observed in the contact maps in Figure 42b, where new contacts in the region A2-D9 can be seen
forming in parallel to the diagonal of the map representing α-helical structures. The free energy
landscape of Figure 42c also shows an improvement compared to the DMD4B-HYDRA landscapes
with an increase in the population occupying the region of the experimental structures obtained
from the PDB.
5..4.3 Tc1 of Tityus cambridgei (1JLZ)
The peptide Tc1 from the venom of the scorpion species Tityus cambridgei is the shortest known scor-
pion venom toxin capable of interacting with the Shaker B K+ channels and the voltage-dependent
K+ channels [210]. The sequence of Tc1 is as follows:
ACGSC5RKKCK10GSGKC15INGRC20KCY
To determine the structure of Tc1, Wang et al. performed solution NMR at 275 K and pH 3.0,
at which the peptide has seven positively charged residues [210]. In addition, Tc1 has six cysteine
residues, with the three disulfide bonds C2-C15, C5-C20, and C9-C22. The NMR structures obtained
for Tc1 consists of a helical structure, α- or 310 helix, between residues G4 and K10 at the N-terminal
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Figure 43: 1JLZ secondary structure propensities per residue.
region, while the C-terminal region comprises an anti-parallel double-stranded β-hairpin between the
regions G13-I16 and R19-Y23 and the central turn at residues N17 and G18 (see Figure 36).
In the conformations obtained by the DMD4B-HYDRA approach, the C-terminal region consists
of a β-hairpin structure regardless of the range of the ECH and Ri parameters used. The two β-
strand regions, G13-I16 and C20-Y23, are connected by a turn at N17-R19. The N-terminal region
also consists of a mixture of β-strand and turn conformations within the A1-K10 region. There is
a pronounced turn region at K10-S12, and the turn propensity decreases towards the N-terminus,
with a corresponding increase in the β-strand propensity. The β-strand propensities for the region
of A1-R6 are more pronounced for Ri = 7.5 A˚ than for Ri = 6.5 A˚, while the opposite is true
of the K7-K10 region. The α-helical structure of the C5-C9 region is present at a low but non-
zero propensity (Fig. 43), and as with the Trp-cage simulations, helices are more pronounced in
simulations with Ri = 6.5 A˚. The free-energy landscapes reveal a global minimum near the NMR
regions for all parameter sets, covering contact orders of 0.22-0.25 and hydrophobic CG-SASA of
4-6nm2. There are two additional local minima with similar CG-SASA values, and contact order
values near 0.2 and 0.3. The interaction range Ri = 6.5 A˚ moves the landscape away from the global
minimum to lower contact order parameters (∼0.2), while increasing the ECH parameter pushes
distributions to larger contact order values. The intramolecular contacts are dominated by two anti-
parallel β-hairpin regions, G13-Y23 and A1-N17. While the G13-Y23 hairpin region is pronounced
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Figure 44: 1JLZ (a) free energy landscapes, (b) intra-peptide contact maps of NMR structures, and
(c) intra-peptide contact maps of simulation conformation.
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Figure 45: 1JLZ (a) secondary structure propensities per residue of MD simulations, (b) NMR (left)
and MD (right) contact maps, (c) MD free energy landscapes.
for all parameter sets, β-strand structures in the A1-N17 region is more pronounced for simulations
with Ri = 7.5 A˚. The disulfide bonds are replicated with a variable accuracy. The C2-C15 disulfide
bond is present in all simulation sets, but is more pronounced for Ri = 7.5 A˚. The C5-C20 and
C9-C22 bonds appear only at higher ECH values for both side chain interaction distances, but are
more pronounced for Ri = 7.5 A˚.
In comparison to the NMR structures, the C-terminal β-hairpin is replicated successfully for
all parameter sets. The most significant difference is the wider turn region observed for DMD4B-
HYDRA simulations in the N17-R19 region, suggesting that the turn present in NMR structures is
more flexible than in simulations. The N-terminal region, which includes four of the seven positively
charged residues of the sequence (R6-K10), has a larger structural variability for the range of ECH
values tested, but without any significant trends. The N-terminal structure diverges from experi-
mental results; the turn in the C2-S4 region is present with a lower propensity of 0.1-0.35, and the
α-helix between C5 and C9 is not present. However, the contact maps reveal similar profiles to that
of the NMR structures, especially for Ri = 7.5 A˚ and ECH = 0.2. Furthermore, the global minima
of the free-energy landscapes are very close to the NMR region. Overall, the structure of Tc1 is
represented quite accurately with the exception of the α-helical region.
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Figure 46: 1IXT secondary structure propensities per residue.
The MD simulations of the Tc1, similar to the results observed for Trp-cage, reveal that the
β-strand propensities are greatly diminished compared to the results of DMD4B-HYDRA (Figure
45a). The general profile of the β-strand conformations and positions remain the same, however
the specificity observed in the contact maps of the DMD4B-HYDRA results are absent in MD
conformations as can be seen in the contact maps (Figure 45b). It is possible that these changes
are a result of the turn N17-R19 being one residue longer than the turn observed in the NMR
structures (N17-G18). This might cause the peptide to begin rearranging this region, resulting in
the destabilization of the β-hairpin formed in the DMD4B-HYDRA simulations. Unlike in Trp-cage,
there is no observable change in the α-helical propensities. Finally, the free energy landscapes remain
similar to that of the earlier DMD simulations (Figure 45c).
5..4.4 Gm9a of the Conus gloriamaris (1IXT)
The structure of the neurotoxic peptide gm9a of the Conus gloriamaris mollusk-hunting species’s
venom has been determined through solution NMR by Miles et al.[127]. The sequence of gm9a is:
SCNNS5CQSHS10DCASH15CICTF20RGCGA25VN
The NMR experiments were performed at pH 5.5 and 278 K. There are three positively charged
residues and one negatively charged residue in this sequence. Additionally, there are three disulfide
bonds, C2-C16, C6-C18, and C12-C23. The C-terminal region of gm9a forms an anti-parallel β-
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Figure 47: 1IXT (a) free energy landscapes, (b) intra-peptide contact maps of NMR structures, and
(c) intra-peptide contact maps of simulation conformation.
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strand structure between residues C16 and V26 with the central turn positioned at F20-R21. There
are pronounced turns in the C6-D11 and A13-C16 regions. This motif is an inhibitory cysteine
knot motif commonly found in a wide range of conotoxins (i.e. neurotoxic peptides produced by the
marine cone snail genus Conus) involving three disulfide bonds.
The DMD4B-HYDRA-derived conformations reveal a strong propensity for four stranded anti-
parallel β-sheets. The β-strands appear at the regions N3-C6, S10-A13, I17-F20, and G24-V26 for
the Ri = 7.5A˚ with corresponding turn regions for S1-N4, Q7-H9, S14-C16, and R21-C23. Of the two
interaction ranges, Ri = 6.5 A˚ simulations produce a tighter turn near the C-terminus (R21-G22)
which extends to C23 for the Ri = 7.5 A˚ simulations. Hence Ri = 6.5 A˚ parameter approximates the
secondary structure of gm9a more accurately than the Ri = 7.5 A˚ parameter. While the secondary
structure profile of the C-terminal region is very similar to that of the NMR structures, the β-
strand and turn positions are shifted by one residue towards the C-terminus. The turn propensities
appear to be strongly affected by both ECH and Ri values. Turn structures are most pronounced for
ECH = 0.01, and diminish at larger ECH values. For every ECH value, Ri = 6.5 A˚ yields higher turn
propensities. The α-helical propensities are very small, as with the previously discussed peptides.
At Ech = 0.2, there is a more pronounced helical propensity, possibly pointing to a favourable side
chain electrostatic interaction between D11 and H15, the only charged residues in this region. The
free-energy landscapes reveal two pronounced minima, one near the contact order of 0.19 and the
CG-SASA value of 6.5 nm2, and the other one at a higher contact order value of 0.29 and a lower
CG-SASA value of 6 nm2. The latter region is the local minimum nearest to the region occupied
by the NMR structures. The conformations occupying this region seem to be more stable for the
larger side chain interaction range of 7.5 A˚. For both Ri values, this basin is the most populated in
simulations at ECH = 0.1, which can also be gleaned from the intramolecular contact maps. The
tertiary contact maps of the NMR structures reveal anti-parallel strand-like structures as observed in
vitro. The disulfide bonds, C2-C16, C6-C18, and C12-C23, appear at low and variable propensities
(Figure 47c.
The simulation results produce tertiary profiles that are close approximations to the NMR struc-
tures. The disulfide bonds are not fully replicated, potentially due to an increase in the distances
between the Cys residues created by the shift observed in the β-strand structures in the C-terminal
region. The β-hairpin structures are overexpressed in the N-terminal region, while turn propensities
are underestimated. This suggests that the DMD4B-HYDRA force field might be biased towards
β-strand structures and lack the flexibility necessary for producing turns with the correct propensi-
ties. This might be a consequence of the lack of variability in side chain sizes, since all non-glycine
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Figure 48: 1IXT (a) secondary structure propensities per residue of MD simulations, (b) NMR and
MD contact maps, (c) MD free energy landscapes.
amino acid side chains have the same radius.
The 50 ns MD simulations, similarly to Trp-cage and Tc1, result in a significant reduction
of β-strand content in the C-terminal region (Figure 48a). Interestingly, there is an increase in
the turn propensities of the C6-D11 and A13-C16 regions, which brings the turn profiles closer
to the experimental structures. The F20-21 turn, which appears instead at the R21-C23 region
in the DMD4B-HYDRA conformations, becomes more pronounced in MD-derived conformations,
suggesting that all-atom MD induces a conformational transformation which compensates for the
difference between the DMD4B-HYDRA and experimental structures. While the contact maps
obtained through DMD4B-HYDRA displayed quite well-defined structures, the contact maps of the
all-atom MD conformations are broader, a phenomenon also observed in the Tc1 results (Figure
48b). Finally, depsite the improvements observed in the secondary structure of gm9a, the free
energy landscape minimum is further away from the region occupied by the experimental structures
(black box in (Figure 48c). The minimum observed around the contact order value of 0.29 and CG-
SASA value of 6 nm2 in the DMD4B-HYDRA-derived conformations is not seen in the MD-derived
conformations. This could potentially be a result of the low number of replicas selected for the
all-atom MD simulations.
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Figure 49: 1ZR7 secondary structure propensities per residue.
5..4.5 WW domain of FBP11/HYPA (1ZR7)
FBP11/HYPA is a protein present in mammalian cells, and is involved in several important functions
such as splicing and binding to huntingtin, a protein relevant to Huntington’s disease [97]. To study
the structure and binding properties of the WW domain of FBP11/HYPA, Kato et al. performed
solution NMR experiments of the following sequence:
GSWTE5HKSPD10GRTYY15YNTET20KQSTW25EKPDD30
The red letters in the sequence represent charged residues, while black letters stand for hydrophilic
residues or residues that are neutral in terms of their hydropathy. The experiments were conducted
at 298 K and pH 5.0, at which the protein has six negatively charged and five positively charged
residues. The main fold motif of this protein is an anti-parallel triple-stranded β-sheet with a small
hydrophobic core stabilized by the contacts among W3, Y15, and P28. It should be noted that
according to the Kyte-Doolittle hydrophobicity scale used in the DMD4B-HYDRA force field, the
sequence is entirely hydrophilic. The experimental structures reveal that β-strands are formed in the
regions W3-S8, R12-N17, and Q22-T24, with well-defined turn regions in between, and an additional
turn region at K27-D29. Within this motif, there is a binding site formed by the aromatic side chains
H6, Y14, Y16, and W25.
The DMD4B-HYDRA-derived conformations follow closely the NMR structures, especially at
lower ECH values. There are distinct and consistent triple-stranded β-sheets for ECH = 0 with both
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Figure 50: 1ZR7 (a) free energy landscapes, (b) intra-peptide contact maps of NMR structures, and
(c) intra-peptide contact maps of simulation conformation.
105
Figure 51: 1ZR7 (a) secondary structure propensities per residue of MD simulations, (b) NMR and
MD contact maps, (c) MD free energy landscapes.
side chain interaction distance parameters (Figure 50a). In the absence of effective electrostatic
interactions (ECH = 0), the β-strand regions cover sequence lengths larger than what is observed in
the NMR structures; The regions W3-D10, Y14-T20, and S23-D29 are in β-strand conformations as
compared to the W3-S8, R12-N17, and Q22-T24 stretches of the NMR structures. The interaction
range Ri = 7.5 A˚ produces conformations with well-defined turns at P9-T13 and T20-S23. The
small C-terminal turn characteristic of the NMR conformations, however, are not observed. The
interaction range Ri = 6.5 A˚ produces slightly smaller peaks for these turn regions, while revealing
a wider spread for turn regions. For both interaction distances, higher ECH diminishes the distinct
quality of the triple-stranded β-sheet. This can be seen also in the contact maps for the range of
ECH values studied (Figure 50b). The most distinct anti-parallel β-hairpin structures are formed for
ECH = 0, while the higher ECH values reveal increased structural variability as observed in the loss
of the secondary structure specificity. The free-energy landscapes further clarify this process (Figure
50c). At higher ECH values, multiple local minima are found, which appear to be further away from
the NMR structures, while ECH = 0 results in a single pronounced free-energy minimum near the
region occupied by NMR conformations. Finally, both the free-energy landscapes and contact maps
reveal that Ri = 7.5 A˚ replicates NMR structures more effectively than Ri = 6.5 A˚.
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The general motif of the WW domain of FBP11/HYPA is preserved in simulations with some
structural variance appearing in the C-terminal region of the protein. First, the contacts between
W3, Y15, and P28, which Kato et al. suggest stabilize the fold of the WW domain of FBP11/HYPA,
are not replicated well in simulations. Kato and colleagues propose that these three residues form a
hydrophobic cluster, however, this diverges from the Kyte-Doolittle hydrophobicity scale, meaning
interactions between these three residues are unlikely to occur in the DMD4B-HYDRA force field.
The Y15-P28 contact is present in most simulations within one of the dominant β-hairpin motifs,
while the W3-P28 contact is observed at higher ECH values with the penalty of forcing the protein
into a single β-hairpin structure. The W3-Y15 contact is missing for all parameter sets, possibly due
to the rigidity of the β-hairpin formed between the regions W3-S8 and R12-N17, which is shifted by a
few residues towards the C-terminal region. The weak local contacts of the C-terminal region present
in the NMR conformations appear at higher ECH values. Higher ECH values push the conformations
towards a single β-hairpin due to the interaction of the two heavily charged regions E5-K7 and K26-
D30, possibly suggesting the significance of electrostatic shielding by water. In conclusion, of the
parameter sets tested, Ri = 6.5 A˚ combined with ECH = 0 yield the most accurate results which
can also be seen in Table 13.
After 50 ns long all-atom simulations of eight DMD4B-HYDRA-derived conformations of the
WW domain of FBP11/HYPA obtained from the clustering analysis, the β-strand content showed
a significant decrease, and the specificity of the contacts were diminished as can be seen in Figure
51a-b. There is a global minimum near the region of the experimental structures (black box in
Figure 51c).
5..4.6 Foldon E5R (2KBL)
Foldon E5R is the monomeric form of the fibritin trimers from phage T4. The sequence of the
protein is as follows:
GYIPR5APRDG10QAYVR15KDGEW20VLLST25FL
Habazettl et al. explored the structure of Foldon E5R through a solution NMR study conducted
at pH 7.0 and 296.7 K [67]. This protein has three negatively charged and four positively charged
residues at neutral pH, and forms a stable β-hairpin at the C-terminal region of the protein (A12-
L23), with a turn at D17-G18. There is another pronounced turn region at R8-Q11. Both turns
contain Gly residues. The C-terminus also can be in a turn conformation (L23-F26), but is mostly
in the coil conformation. Habazettl and colleagues point out that the extended N-terminal region
lies against one side of the hairpin motif and forms a hydrophobic cluster with P4, A6, P7, Y13,
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Figure 52: 2KBL secondary structure propensities per residue.
W20, and L22. There are several weaker contacts present in the folded structure, namely P4-W20,
A6-Y13, P7-Y13, P7-W20.
The simulations reveal small variance between the range of ECH values tested. A distinct β-
hairpin in the C-terminal region can be seen, with the β-strand regions of Q11-K16 and E19-L23, and
a turn at D17-G18. The C-terminal region is mostly in a turn conformation, but can also participate
in β-strand structures. In the N-terminal region, there is a mixture of β-strand and turn structures,
which show significant differences between the two side chain interaction distance parameters. At
Ri = 6.5 A˚, conformations result in more pronounced turns in the region R8-Q11 than at Ri = 7.5
A˚ . The free-energy landscapes reveal that at Ri = 6.5A˚, simulations yield more conformations
near the region occupied by NMR structures compared to Ri = 7.5 A˚ simulations (Figure 53a).
The lower ECH values stabilize the local minimum in this region. The intramolecular contact maps
reveal similar profiles for the parameter sets used, however for the lower ECH values, the contacts
have higher specificity (Figure 53c). The contact maps diverge from the NMR structures most at the
N-terminal region. There are several strong contacts formed between the N-terminal and C-terminal
regions, which are absent in NMR conformations. The contacts between D17-W20 and G1-R5 of
the NMR structures is shifted to E19-L23 and G1-R5. The contacts between Q11-Y13 and A6-D9
are present in varying degrees in all simulations, but stronger at lower ECH and Ri = 6.5 A˚.
The DMD4B-HYDRA-derived conformations are close approximations to the experimental struc-
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Figure 53: 2KBL (a) free energy landscapes, (b) intra-peptide contact maps of NMR structures, and
(c) intra-peptide contact maps of simulation conformation.
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Figure 54: 2KBL (a) secondary structure propensities per residue of MD simulations, (b) NMR and
MD contact maps, (c) MD free energy landscapes.
tures of Foldon E5R. The C-terminal β-hairpin structure is accurately represented for all parameter
sets. In the N-terminal region, the turn at R8-Q11 observed in the NMR conformations is present
also in the DMD4B-HYDRA conformations, but more so with Ri = 6.5 A˚. However, the main
divergence from the NMR structures appears also in the N-terminal region. There is a clear overes-
timation of β-strands for this region. Despite this the DMD4B-HYDRA force field produce excellent
approximations to the native structure of Foldon E5R with ECH = 0 and Ri = 6.5 A˚.
After the 50 ns all-atom MD simulations, the decrease in β content observed in all previously
described results are present also here. However, especially for the turn propensities there are several
points of improvement. First the turn region at the C-terminal region, which was over-pronounced in
the DMD4B-HYDRA-derived conformations, are diminished. The turn structures of the N-terminal
region also remain intact and form a close approximation to the NMR structures (Figure 53a).
The contacts which are absent in the experimental structures, but were formed in the DMD4B-
HYDRA simulations are weakened after the all-atom MD simulations as can be seen in Figure 51b.
Furthermore, the global minimum of the free energy landscape is much more heavily sampled than
the DMD4B-HYDRA simulations, suggesting that short all-atom simulations can in fact help refine
protein structures obtained in discrete molecular approaches.
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Table 13: Percentage of DMD4B-HYDRA conformations that fall into the free energy landscape
regions occupied by the experimental structures. The largest percentage for each row is marked red,
and asterisks denote the highest percentage of conformations for each peptide.
ECH
Protein RI 0.00 0.01 0.10 0.20
2JOF 6.5 15.75 15.54 14.92 12.66
7.5 16.46* 15.32 13.90 13.01
1JLZ 6.5 3.104 2.454 2.753 2.454
7.5 4.882 4.902 4.933* 4.327
1IXT 6.5 0.2498 0.1499 0.5808 0.4372
7.5 0.7682 0.3559 0.5433 0.9118*
1ZR7 6.5 6.887 7.704* 5.969 2.224
7.5 6.818 5.626 3.004 2.267
2KBL 6.5 1.063* 0.9379 0.8815 0.3564
7.5 0.4377 0.6251 0.3125 0.0563
5..4.7 Effects of ECH and Ri
To quantify the relative successes of the parameter sets tested in this study, the percentage of
conformations which fall into the regions of the hydrophobic CG-SASA and CO occupied by the
experimental structures were calculated as shown in Table 13. While it is difficult to say with
certainty whether there is a parameter set that provides the best approximates to experimental
structures, several comments can be made in regards to the effects of the ECH and Ri parameters.
When there are no effective electrostatic interactions present (ECH = 0) Trp-cage with Ri = 6.5
A˚ and 7.5 A˚ , Tc1 with Ri = 6.5 A˚ , WW domain of FBP11/HYPA with Ri = 7.5 A˚ and Foldon
E5R with Ri = 6.5 A˚ yield the highest conformers to the experimentally determined structures. It
is however important to keep in mind that despite the high values observed for Trp-cage, the α-helix
characteristic of this structure was not present in DMD4B-HYDRA-derived conformations. When
the effective electrostatic interaction parameter was increased to ECH = 0.01, the WW domain
of FBP11/HYPA with Ri = 6.5 A˚ and Foldon E5R with Ri = 7.5 A˚ performed the best. With
ECH = 0.1, Tc1 with Ri = 7.5 A˚ , and gm9a with Ri = 6.5 A˚ performed the best. As for ECH = 0.2,
the only set of simulations that yielded the highest percentages of conformers was gm9a with Ri
= 7.5 A˚. Of the five proteins simulated with DMD4B-HYDRA, the proteins that were the most
heavily charged were the WW domain of FBP11/HYPA (37% of its amino acid sequence is charged)
and Tc1 (30%), followed by Foldon E5R (26%), Trp-cage (20%), and gm9a (15%). A quick glance
at the free energy landscapes of these peptides reveals that as the ECH parameter is increased the
minima that exist near the regions of the experimental structures become depleted. This suggests
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that the DMD4B-HYDRA force field is more effective when the effective electrostatic charges are
turned off, an observation that was previously made by Urbanc et al. within the framework of Aβ
oligomerization [204, 202, 225, 106, 200]. The effects of the Ri parameters are less obvious, and it is
difficult to say whether 6.5 A˚ or 7.5 A˚ performs better for the peptides simulated.
5..5 Conclusions & Discussion
The DMD4B-HYDRA force field, which has previously provided accurate descriptions of the oligomer-
ization processes of Aβ, stefin B, and the non-glycosylated domains of pig gastric mucin, provides an
efficient method for the study of protein folding and aggregation. Barz and Urbanc later combined
this method with a fully-atomistic MD to study monomers and dimers of the Aβ WTs [8]. With this
multi-scale approach, monomer and dimer conformations of Aβ1−40 and Aβ1−42 revealed a slight
increase in size while retaining their tertiary and quaternary structures, suggesting there might be
an advantage to such a multi-scale approach. However, when coarse-grain methods are implemented,
it is important to consider possible shortcomings that might emerge in structure determination. For
this purpose, it was necessary to explore the accuracy of the DMD4B-HYDRA force field prior to
establishing a multi-scale method. This study presents the preliminary testing of the accuracy and
robustness of DMD4B-HYDRA force field combined with a secondary step of all-atom MD simu-
lations. Thus, a set of six peptides with known structures were selected, and simulated with two
side chain interaction distances (Ri = 6.5 A˚ and 7.5 A˚) and four effective electrostatic interaction
strengths, ECH = 0, 0.01, 0.1, 0.2.
For the simple hydrophobic model of polyalanine, Ri = 6.5 A˚ is more conducive to α-helical
structures than Ri = 7.5 A˚. While Ri = 6.5 A˚ overestimates the polyalanine α-helical content
compared to the experimental propensity observed for Ala13 (0.40), the Ri = 7.5 A˚ parameter yields
∼0.40 at ECH = 0.1. This suggests that α-helical content can be controlled for polyalanine through
the Ri and ECH parameters. Furthermore, there is a larger variance for the α-helical content at Ri
= 7.5 A˚ among the different ECH parameters used, but the effects of ECH remain unclear in the
context of polyalanine, since the variance observed in the α-helical content does not correlate with
the ECH values. Despite being able to form α-helices in this simpler model, DMD4B-HYDRA is
not able to capture the helical structures observed in Trp-cage and Tc1.
β-sheet and turn structures are replicated quite successfully. There is, however, an observable
bias towards β-strand structures. Another mismatch observed between DMD4B-HYDRA-derived
and experimental conformations is that in the β-sheet structures, turn positions are shifted by one
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or two residues in some cases, resulting in the formation of hydrogen bonds which are absent in
the experimental structures. Such hydrogen bonds might be difficult to break in an all-atom MD
simulation, and hence present a challenge for DMD4B-HYDRA’s implementation in a multi-scale
approach. In several of the peptides, Ri = 6.5 A˚ captured turns more accurately than 7.5 A˚,
suggesting that the Ri = 6.5 A˚ parameter aids backbone flexibility.
The tertiary structures produced by DMD4B-HYDRA are encouraging. The general profiles of
the experimental structures are captured except in the case of α-helical structures. The ability of
DMD4B-HYDRA to form the appropriate disulfide bonds appears to be dependent on whether the
β-strand and turn conformations are accurately captured. A shift of a β-strand along the protein
sequence can cause the Cys side chains to be separated beyond their corresponding interaction ranges
in too rigid a structure. Despite this fact, the free energy landscapes of each peptide sample regions
occupied by each of the NMR-derived structures.
The all-atom MD simulations were able to correct for some of the lacking detail in DMD4B-
HYDRA conformations. An improvement to the lack of α-helical structures was seen within 50
ns, while effects of DMD4B-HYDRA’s bias towards β-strand conformations were curbed. It can
be concluded that the DMD4B-HYDRA force field captures the molten globule state of proteins
quite well, and can be implemented into a multi-scale approach after some minor adjustments as an
indispensable tool for protein structure determination.
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6. REVIEW AND OUTLOOK
To further our understanding of proteins in the context of their roles in biological function and
disease, it is necessary to first elucidate the structural and dynamic properties. Natively unstructured
proteins represent a particularly challenging area of research in this respect, since experimental
methods available for structural studies of these types proteins have been limited until recently.
With the emergence of new experimental data, the advantages of computational methods can be
harnessed much more effectively at several scales. On one end of the spectrum, all-atom molecular
dynamics with explicit solvent molecules can provide an excellent means for the elucidation of the
details of water-peptide dynamics at the atomic scale, while discrete molecular dynamics approaches
can allow for the simulation of the folding and aggregation of much larger systems. In this thesis,
both all-atom and discrete molecular dynamics methods have been utilized for the study of natively
unstructured proteins.
In Chapter 3, the problem regarding the description of the unfolded state of proteins (and
intrinsically disordered proteins) was presented. The random coil model, which has been used to
describe such protein conformations in the past, has been shown to fall short in accounting for the
unique and restricted Ramachandran distributions observed for amino acid residues, which show a
strong bias for the pPII and β-strand conformations. The variation observed in the conformational
preferences of amino acid residues remains unexplained, though attempts have been made to clarify
the exact mechanism of intrinsic conformational preferences. In a thermodynamic study of the
pPII ↔ β equilibria of amino acid residues, a nearly exact enthalpy-entropy compensation has been
observed by Toal et al.. This hints at the existence of a common mechanistic cause underlying
the pPII/β transitions for residues. To study this phenomenon, AAA, AdP and 15 GxG peptides
with guest residues x = A, L, I, V, F, W, Y, K, R, D, S, C, M, N, and Q have been simulated
using all-atom molecular dynamics with the OPLS-AA force field and explicit water models TIP3P
and SPC/E, which were chosen based on an earlier study that tested a larger set of force field and
water model combinations. The simulation trajectories were then separated into the pPII and β-
strand conformational ensembles for further structural analysis of the hydration shells of the central
residues. A novel method for describing water orientation near protein surfaces was introduced and
applied to the first hydration shell of the side chain groups of each guest residue. This analysis
revealed that water orientations near the side chain groups of residues in the β-strand conformation
display greater disorder than the pPII conformation, in agreement with the previously established
premise of the entropiccally favourable β-strand conformation, and the enthalpic stabilization of the
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pPII conformation. Furthermore, it was shown that especially for hydrophobic side chains, in the
pPII conformation water residues have a strong preference for orientations parallel to the protein
surface, allowing them to form hydrogen bonds with nearby water molecules. This results in the
formation of a clathrate-like water structures which wrap around the side chain. Another important
result of this study is that the functional backbone groups of the central residues are consistently
more hydrated in the pPII conformation than the β-strand conformation. A strong correlation was
discovered between the hydration of the NH group of the central residue and their corresponding
pPII propensities. In the light of these results, it has been posited that the pPII propensity of an
amino acid residue reflects its side chain’s ability to template and scaffold the clathrate-like water
structures by means of the structure of its Cβ group and a water-peptide hydrogen bond at the
NH position. This study can be further extended in the future as more experimental data emerges
regarding the conformational preferences of amino acid residues, and how they are affected by nearest
neighbour effects.
Chapter 4 presented a discrete molecular dynamics study on the natively unstructured amyloid
β-protein (Aβ), which is involved in Alzheimer’s disease, on the scale of folding and oligomerization.
Aβ is known to be the primary neurotoxic agent in Alzheimer’s disease, leading to neuronal loss
and the accumulation of neurofibrillary tangles. The N-terminally truncated Aβ alloforms, Aβ3−40,
Aβ3−42, Aβ11−40, and Aβ11−42, despite having been shown to be a major component of the total
amyloid β population in the AD brain, had not been studied in silico until the results of the study
described in this thesis. In this study, 32 fragments of each peptide were simulated using discrete
molecular dynamics with a four-bead protein model and the DMD4B-HYDRA force field, which
defines the amino acid-specific side chain interaction based on the Kyte-Doolittle hydropathy scale.
The trajectories were then analyzed for the oligomer size distributions, structural properties, and
assembly pathways of the four Aβ alloforms and compared to the wild types, Aβ1−40 and Aβ1−42.
The results of this study revealed striking similarities between the more toxic Aβ wild type, Aβ1−42,
and Aβ3−40 and Aβ3−42, with increased N-terminal solvent exposure and flexibility. Combined
with the experimental data that has implicated the N-terminal region of Aβ1−42 for its toxicity,
these results provide a possible mechanistic explanation for the similar toxicities of Aβ3−42 and
Aβ1−42 observed in experiments. The DMD method also captures the increased aggregation rates
of the N-terminally truncated peptides. These results demonstrate potential therapeutic targets for
controlling Aβ aggregation and toxicity.
The DMD4B-HYDRA force field, which was first presented in Chapter 4, has been studied and
characterized more extensively in Chapter 5. This discrete molecular dynamics approach, which
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involves a four-bead protein model with backbone hydrogen bonding and amino acid-specific implicit
solvent interactions based on the Kyte-Doolittle hydropathy scale, has been successfully applied in
a wide range of oligomerization studies, and is an efficient method capable of accurately predicting
oligomer size distributions and structural features of a wide range of proteins. Guided by a recently
published study in which DMD4B-HYDRA-derived conformations were used as intial conformations
for all-atom MD simulations, the potential to use DMD4B-HYDRA as a sampling tool in a two-
step multi-scale approach was investigated. For this purpose, a simple model of polyalanine, and
five proteins with known structures were simulated using the DMD4B-HYDRA force field with two
side chain interaction distances and four effective electrostatic interaction parameters. DMD4B-
HYDRA was shown to have a slight bias for β-strand conformations over helical conformations, but
nonetheless reproduced the tertiary structures of proteins with accuracy, and can prove to be an
excellent tool for predicting the molten globular states of proteins.
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APPENDIX A
Figure 55: Ramachandran plots of tripeptides from OPLS-AA-SPC/E simulations. 2D histograms
of the dihedral angles of AAA, AdP, and the 15 GxG peptides with x = A, L, I, V, F, W, Y, K, R,
D, S, C, M, N, Q, obtained from MD simulations using the OPLS-AA force field and SPC/E water
model.
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Figure 56: SPC/E-derived hydration properties of AAA, GAG, and AdP. (a) Water orientation
plots showing distributions of η and θ angles of water surrounding the side chain of (central) A in
pPII (top) and β (bottom) conformations. (b) Radial distribution functions of water around the
CO (top) and NH (bottom) groups of guest A in pPII conformations (black curves), β (red curves)
conformations, and the corresponding pPII to β differences (green curves).
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Figure 57: SPC/E-derived hydration properties of GLG, GIG, and GVG. (a) Water orientation
plots showing distributions of η and θ angles of water surrounding the side chain of (central) A in
pPII (top) and β (bottom) conformations. (b) Radial distribution functions of water around the
CO (top) and NH (bottom) groups of guest A in pPII conformations (black curves), β (red curves)
conformations, and the corresponding pPII to β differences (green curves).
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Figure 58: SPC/E-derived hydration properties of GFG, GWG, and GYG. (a) Water orientation
plots showing distributions of η and θ angles of water surrounding the side chain of (central) A in
pPII (top) and β (bottom) conformations. (b) Radial distribution functions of water around the
CO (top) and NH (bottom) groups of guest A in pPII conformations (black curves), β (red curves)
conformations, and the corresponding pPII to β differences (green curves).
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Figure 59: SPC/E-derived hydration properties of GKG, GRG, and GDG. (a) Water orientation
plots showing distributions of η and θ angles of water surrounding the side chain of (central) A in
pPII (top) and β (bottom) conformations. (b) Radial distribution functions of water around the
CO (top) and NH (bottom) groups of guest A in pPII conformations (black curves), β (red curves)
conformations, and the corresponding pPII to β differences (green curves).
136
Figure 60: SPC/E-derived hydration properties of GSG, GCG, and GMG. (a) Water orientation
plots showing distributions of η and θ angles of water surrounding the side chain of (central) A in
pPII (top) and β (bottom) conformations. (b) Radial distribution functions of water around the
CO (top) and NH (bottom) groups of guest A in pPII conformations (black curves), β (red curves)
conformations, and the corresponding pPII to β differences (green curves).
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Figure 61: SPC/E-derived hydration properties of GNG, and GQG. (a) Water orientation plots
showing distributions of η and θ angles of water surrounding the side chain of guest residues S, C, M
in pPII (top) and β (bottom) conformations. (b) Radial distribution functions of water around the
CO (top) and NH (bottom) groups of S, C, M in pPII conformations (black curves), β (red curves)
conformations, and the corresponding pPII to β differences (green curves).
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Figure 62: The one-dimensional distributions of water orientation angle η in the pPII and β confor-
mations for the OPLS-AA–TIP3P simulations.
Figure 63: The one-dimensional distributions of water orientation angle θ in the pPII and β confor-
mations for the OPLS-AA–TIP3P simulations.
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Figure 64: The one-dimensional distributions of water orientation angle η in the pPII and β confor-
mations for the OPLS-AA–SPC/E simulations.
Figure 65: The one-dimensional distributions of water orientation angle θ in the pPII and β confor-
mations for the OPLS-AA–SPC/E simulations.
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Figure 66: Comparison between TIP3P-derived pPII to β hydration differences and experimental
pPII propensities. The best fit of each of the three TIP3P-derived quantities: (a) δCO−H , (b)
δNH−O, and (c) ∆n to experimental pPII propensities for twelve guest residues X in GXG peptides
results in the following R and p values: (a) R = 0.184 and p = 0.546, (b) R = 0.390 and p = 0.188,
and (c) R = 0.661 and p = 0.014 ((blue lines). When D is excluded from the regression analysis,
the best fit to the data yields: (a) R = 0.577 and p = 0.050, (b) R = 0.660 and p = 0.020, and (c)
R = 0.806 and p = 0.002 (red lines).
Table 14: SPC/E-derived quantities that measure hydration differences between the pPII and β
ensembles for each guest residues.
δ =
∫ rC
0
∆g(r)dr Number of water-peptide HBs
Peptide δCO−H δNH−O 〈npPII〉 〈nβ〉 ∆n p-value
AAA 0.20 0.20 3.65± 0.03 3.36± 0.07 0.29 0.001
GAG 0.17 0.22 3.34± 0.03 2.97± 0.06 0.37 10−6
AdP 0.22 0.17 0.80± 0.02 0.56± 0.03 0.24 10−9
GLG 0.12 0.17 3.33± 0.03 3.14± 0.08 0.19 0.05
GIG 0.15 0.12 3.32± 0.03 3.03± 0.06 0.29 0.001
GVG 0.13 0.06 3.33± 0.03 3.08± 0.05 0.25 0.001
GFG 0.15 0.22 3.29± 0.04 2.87± 0.04 0.42 10−11
GWG 0.20 0.19 3.61± 0.05 3.16± 0.04 0.45 10−11
GYG 0.14 0.20 3.94± 0.05 3.70± 0.05 0.24 0.001
GKG 0.16 0.18 4.55± 0.05 4.12± 0.06 0.43 10−7
GRG 0.17 0.25 5.05± 0.04 4.67± 0.09 0.38 0.001
GDG 0.18 0.24 4.22± 0.04 3.91± 0.05 0.31 10−4
GSG 0.12 0.23 3.90± 0.05 3.59± 0.05 0.31 10−4
GCG 0.15 0.13 2.97± 0.05 2.90± 0.04 0.07 0.19
GMG 0.16 0.22 3.27± 0.03 2.94± 0.06 0.33 10−5
GNG 0.14 0.20 4.19 ± 0.04 3.93 ± 0.06 0.26 0.001
GQG 0.18 0.23 4.09 ± 0.04 3.60 ± 0.07 0.49 10−9
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Figure 67: Temporal evolution of oligomer size distributions
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Figure 68: β-strand and turn propensities per amino acid in AβX−40/42 (X = 1, 3, 11) monomers.
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Figure 69: β-strand and turn propensities per amino acid in AβX−40/42 (X = 1, 3, 11) trimers.
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Figure 70: β-strand and turn propensities per amino acid in AβX−40/42 (X = 1, 3, 11) heptamers.
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Figure 71: Intramolecular contact maps of monomers, trimers, and heptamers formed by AβX−40
(X = 1, 3, 11).
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Figure 72: Intramolecular contact maps of monomers, trimers, and heptamers formed by AβX−42
(X = 1, 3, 11).
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Figure 73: Intermolecular contact maps of monomers, trimers, and heptamers formed by AβX−40
(X = 1, 3, 11).
Figure 74: Intermolecular contact maps of monomers, trimers, and heptamers formed by AβX−42
(X = 1, 3, 11).
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Figure 75: Probability distributions of (a,c) NC distances and (b,d) hydrophobic CG-SASA values of
monomer and oligomer conformations formed by Aβ1−40/42 (black curves), Aβ3−40/42 (red curves),
and Aβ11−40/42 (blue curves). The p values are the results of pairwise comparisons of probability
distributions obtained by the Mann-Whitney U test.
Figure 76: Free energy landscapes of Aβ10−40/42, Aβ11−40/42, [Ala12]Aβ11−40/42, and
[Ser12]Aβ11−40/42 conformations. The color scale is shown in units of kBT.
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Figure 77: Probability distributions of (a,c) NC distances and (b,d) hydrophobic CG-SASA values of
monomer and oligomer conformations formed by Aβ10−40/42 (black curves), Aβ11−40/42 (red curves),
[A12]Aβ11−40/42 (blue curves), and [S12]Aβ11−40/42 (green curves). The p values are the results of
pairwise comparisons of probability distributions obtained by the Mann-Whitney U test.
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